


ql



!

UCRL-CR- 115237

Interagency Agreement DTFA03-92-A-0007

I

Dual-Band Infrared (DBIR) Imaging Inspections
of Boeing 737 and KC-135 Aircraft Panels

_t

Prepared for
*

P. K. Bhagat
Manager, Nondestructive Inspection R&D R.E C E IV E D

Aging Aircraft Program J_N 2 _ |9_/t
FAA Technical Center

Atlantic City Airport, NJ 08505 O S T[

by

N. K. Del Grande, K.W. Dolan, P. F. Durbin
Nondestructive Evaluation Section-

Engineering Sciences Division

M. R. Gorvad

Computer Applications' Sciences and Engineering Division

and A. B. Shapiro
Thermal-Fluids Group

Nuclear Test Engineering Division

27 August 1993

• . :.:

• .::::.:i . .,"

• : . ......

DISTRIBUTION OF THIS DOCUM_,T 16 UNLIMITED



DISCLAIMER

This document was prepared as an account of work sponsored by an agency of the United States Government.
Neither the United States Government nor the University of California nor any of their employees, makes any
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial products, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or the University of California. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States Government or the University of
California, and shall not be used for advertising or product endorsement purposes.

J

Work performed under the auspices of the U.S. Department of Enerrgyby i.awrence l.ivermore National latboratory
under Contract W-7405-Eng-48.



TABLE OF CONTENTS

PAGE NO.

" 1.0 INTRODUCTION 3

2.0 POWER LAW MODEL , 4

3.0 THERMAL RESPONSE TO HEAT FLASH 4

4.0 EXPERIMENTAL EQUIPMENT, SETUP AND TEST PROCEDURE 6

5.0 DBIR RESULTS FOR BOEING 737 AND KC-135 AIRCRAFT PANELS 7

6.0 CHARACTERISTICS OF A BOEING 737 LAP JOINT DISBOND SITE 7

7.0 INTERPRETATION OF TEMPERATURE VERSUS TIME BEHAVIOR 7

8.0 FAA/AANC LIBRARY SAMPLES AND BOEING 737 AIRCRAFT:
CORROSION TABLES 13

9.0 BOEING KC-135 AIRCRAFT PANELS: CORROSION TABLES 21

10.0 SUMMARY AND CONCLUSION 23

11.0 ACKNOWLEDGEMENTS 2 4

12.0 REFERENCES 2 5

APPENDIX A: PHOTOGRAPHS OF HANGAR SETUP AND TEST PANELS 26

APPENDIX B: COLOR-CODED IMAGES OF BOEING 737 AND TEST PANELS 35

APPENDIX C: COLOR-CODED IMAGES OF BOEING KC-135 PANELS 48

2



DUAL-BAND INFRARED (DBIR) IMAGING INSPECTIONS
OF BOEING 737 AND KC-135 AIRCRAFT PANELS

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

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

ABSTRACT

We apply dual-band infrared (DBIR) imaging as a dynamic thermal tomography tool for wide area inspection of a Boeing 737
aircraft, owned by the FAA at the Aging Aircraft NDI Development and Demonstration Center (AANC) at Sandia National

_. Laboratories 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 dirt, dents, tape, markings, ink, sealants,
uneven paint, paint stripper,exposed metal androughness variations). The Boeing 737 and KC-135aircraft fuselage panels
have varying percent thickness losses from corrosion. We established the correlation of percent thickness loss with surface
temperature rise (above ambien0 for a partially corroded F-18 wing box structure (with a 2.9 mm uncorroded thickness) and
several aluminum reference panels (with 1.0, 1.t, 2.3 and 3.9 mm thicknesses) which had 6 to 60 % t_;:ckness 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 show tables, charts and temperature maps of typical lap splice material losses for the riveted (and
bonded) Boeing 737, and the riveted (but unbonded) Boeing KC-135. We map the fuselage composite thermal inertia, (kpc)1/2,
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.

1.0 INTRODUCTION

Dual-band infrared (DBIR) imaging was pioneered by LLNL as a precise temperature survey technique to depict small
temperature differences resulting from heat flow anomalies. Previous successful applications of DBIR imaging (from aircraft,
helicopter, tower and raised platforms) detected underground and obscured object sites with 0.2 °C or more surface temperature
differences from:

• geothermal aquifers under 6 to 60 meters of dry soil 1,2
• cemetery walls, trenches and a building foundationunder 80 cm of asphalt and debris 3
• buried mines, rocks and objects under 1 to 20 em 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:

w

• adhesively-bonded aluminum lap joints with disbond (no-adhesive) sites replicating the skin of a Boeing 737 aircraft 9,11,12
• an aged Boeing 737 aircraft (see AppendixA, Figs. A-1 and A-2) at Sandia National Laboratories in Albuquerque, NM

,t • calibration panels with milled flat-bottom holes replicating material losses foracorroded 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-135 aircraft 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 I.tmand 8-12 I.tm) 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.
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2.0 POWER LAW MODEL

A power law model 13 explains how infrared signals vary as a function of the surface emissivity and the surface's absolute
temperature:

I_ ~ e_T 50/_ , (1)

where Ik is the intensity at a given wavelength, eT_is emissivity at that wavelength, T is in temperature in Kelvin and L is

the wavelength in micrometers.

We can obtain temperature alone by computing the ratio
i

" 15 e5T50/5 e5 T 5 (2)R'-" m m

I10 el0T50/10 el0

For a greybody, e5 = el0 and R~T 5.

We can obtain the emissivity ratio by computing

(I_a___2= Celo)2(T5)2_ _.0)2 (3)
15 e5 T 10 e5

This ratio is sensitive mostly to surface objects which have very different emissivities at 5 and 10 micrometers (most metal

surfaces). We then compute the normalized ratios to obtain temperature and emissivity-ratio (E-ratio) maps:
i

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

where S is the short-wavelength intensity (e.g., I5), Sav is the average value of the pixels in S, _, is the long wavelength

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

3.0 THERMAL RESPONSE TO HEAT FLASH

To describe the results of our aircraft measurements, we refer to the heat diffusion equation, which is:

pc-_ = kVZT (5)

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

r(x,t) = q -'4"d'/_/4 7rkpct 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. The solution of (EQ 6) at several depths as a function of time is
shown graphically in Fig. 1. The semi-infinite solid approximation, where the surface temperature is proportional to the
inverse square root of time describes our measured results for the KC-135 aircraft panels which had measured thicknesses, over
the lap splices (including lap, doubler, stringer and patch thicknesses), varying from 4.2 to 7.5 mm. We consider only the
effects of corrosion which occur within lap splice structures for this report.



Thereare two stepsin solving the problemof heat transferfor thinner aircraft skins,apart from the lap splice structures
considered in this report. First, during flash lamp heating, the solution to (EQ 5) foran insulated surface at x---Oand flux F
applied to the surface at x=/ is

pc'-"l "k 6l _ _2 --7-exp _i cos (7)

Secondly, there is heat.redistribution in the slab. The solution of (EQ 5) when the slab has an initial temperature distribution
of f(x), calculated from (EQ 7) at the end of the flash lamp heating, and with both surfaces insulated is

w

1 t 2 -cm2nr_t

r=Tff(x)ax+7 .eXPoI. cos !f(x)cos ax (8)

Heat loss by convection has been omitted. This is justified over the short time scale of this problem because the thermal
conduction conductance (conductance due to heat loss by conduction) is 240,000 W/m2sec, while the conductance due to heat

loss by convection is only 5 W/m2see. Testing the validity of these analytical solutions and reporting our results is beyond
the scope of this paper. Apart from the thicker lap splice areas, covered in this paper, there are other areas with thinner (1.5
mm single thickness) aircraft skins.

This problem was modeled using TOPAZ2D.15 Parameters chosen were:

• heat lamp surface flux F= 1.5 106Wire2 for 0.004 see
• slab thickness l=0.001m

• aluminum p-2700 Kg/m3, k-240 W/m see, c---920.I/KgC
• aluminum oxide p=1200 Kg/m3, k=25 W/m se¢, c=780 J/KgC

Temperature histories at several depth locations [(a) x---O,(b) x---0.25mm, (c) x=0.50 mm, (d) x---0.75mm, (e) x=l.00 mm]
are shown in Figures 2 and 3. Figure 2 is the time response for a 1.00 mm thick aluminum slab. Figure 3 is the time
response for a composite slab consisting of aluminum (0.9 ram) with a corrosion layer (0.1 ram) of aluminum oxide.

*Cl-............ '....... '...... ......... , ......... /........... '............ ' "

f /129'

2:5 ...... l
0 40 80 m._ 0 a, 8 ms 0 4 8 ms

b"igurel. The I_mperliture.tlm_ Figur¢2, The temperature.time Figure3. The tcmperatur¢.tmrnc
re,lp0nsoof (E4:I, 15)for n semi. response for 8 I mm thick rcspons_for e I mm thick slab of
infinite alumln,m 811b at tha Iluminum slab at clcpth$of x • 0 aluminum(0,9 ram) emdaluminum
surface (a) lind Ill dopthl of 0,,50 mm (a), x • 0.25 mm (b), x ,, 0,5(I oxide (0.1 ram) at depthsof x - 0
mm ('o)nncl1,0mm(¢), mm (¢), x ,, 0.75 mm (d), x ,, 1,0 mm (a), x u 0,25 mm (b), .x ,, O_0

mm (¢), mm (c), x ,, 0.75 mm (d). x , 1.0
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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 imager - Agema 880 dual band Burst Recording Unit (BRU) with the 3-5 micron and 8-12 micron
DBIR scanners, a 12 bit digital image processor and a 1.3 Gbyte hard drive.

I,,

• 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 Gbyte Hard drives and 48 Mbytes of
memory.

• Visual images - 35 mm (still) and 8ram (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 subtle
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 safe 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 Coy 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 the predictability of TOPAZ.2D surface temperature calculations (see Figures 2 and 3).

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 arc used
,- to document all areas of interest, whereas 35 mm cameras provide still photographs for special areas of interest. The computer

data files arc 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 arc 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 shifted to the next position, and the sequence

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 re.slxms¢ curves and additional information.



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

To clarify interpretation,it is importantto distinguishbetween surface(or near surface) clutterand heat transferanomalies at
POtentialsites which identifyhiddenaircraftdefects. To this end, we appliedDBIR analyses.We produced(enhancedcontrast,
T5) temperatureandemissivity-ratiomaps for the TinkerAFB Boeing KC-135, EndPanels No 1LF (Figure4) and No. 51fR
(Figure 5). Also, we produced0"5)temperatureand emissivity-ratio maps for the FAA/AANC Boeing 737 aircraftfuselage
(Figure 6) anda previouslycharacterizedlapjointspecimen,12designed to replicatethe Boeing 737 aircraftskin, belonging to
the AANC Library(Figures7-9). Figures4-6 and Figure9 show (left to right) the two apparenttemperature maps (recorded at
10 Iaxnand at 5 I.un),the enhanced contrasttemperaturemap, which varies as T5, andthe emissivity-ratio map based on (EQ
2), (EQ 3) and (EQ 4).

Various types of clutter am shown in Figures 4-6 and Figure 9. In Figure 4, we see wax pencil markings (upper leftcomer) as
red (hot) on the temperature maps, but indistinguishableon the emissivity-ratio map, since the surface was painted black. In
Figure 5, we use the threetemperature-relatedmaps to explain a hot "bandaid-like"patchedcorrosion area (center, left) and the

" emissivity-ratio map to explain the roughness effect of masking tape which covered the heavily corroded area. In Figure 6, 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 fight comer. Also, we note from the emissivity-
ratio map where the black paint was not applied uniformly (e.g., at the bottom of the fuselage, beneath the lap splice). We
note from emissivity-ratio images in Figure 9 that the front-surface black paint was applied uniformly in (d).

6.0 CHARACTERISTICS OF A BOEING 737 LAP JOINT DISBOND SITE

The Boeing 737 lap joint specimen 12 in Figure 7 has a rectangular (0.1 mm thick) air layer (with no epoxy) shown at the
center of the diagram in (a) which replicates a disbond site. The 10 lain IR image shows the disbond site as 0.4 or 0.5 °C
warmer (where it was flash heated) than the epoxy-glue sites which surround it in (b). The ultrasound image shows a better
bond quality at decreasing values for the epoxy-glue sites in (c). The reverse geometry x rays at 100 keV scatter differently
through two overlapping (0.9 mm thick) aluminum sheets with a 0.1 mm air gap than through the same two sheets with an
equally thick epoxy-glue layer in (d).

In Figure 8, we see the warmer than ambient, flash.heated, front-surface disbond site temperatures at 0.5, 2.0, 4.0 and 8.0 s
after the flash (taken at 10 lainin top row images: a, b, c, d) and corresponding cooler than ambient, simultaneously recorded
back-stirface disbond site temperatures (taken at 5 I.tm in bottom row images: e, f, g, h). For symmetric lap joint disbonds,
the front-surface disbond site pattern is rectangular, whereas the back-surface disbond site pattern is circular. At 0.5 s, much of
the heat transfer is two dimensional, across the lap to the back side in the transverse direction (parallel to the surface).

7,0 INTERPRETATION OF TEMPERATURE VERSUS TIME BEHAVIOR

Temperature variations with time (after the heat flash) are compared for the Boeing 737 Stringer 26, Station 400 (s26f400.7)
in Figure 10 and the Boeing KC-135 Panel 2 (2FR, at the right edge of the 30 inch panel) in Figure 11. 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-135at (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 (at late times 0.5 s or more after the flash) as readily as it would without trapped air. This effect

, is shown in Figure 10 by the near-constant temperature contrast from 0.4 to 1.6 s which is based on our measurements of the
FAAJAANC owned Boeing 737. At late times, after 0.4 seconds, the (unbonded) Boeing KC-135 lap splice has a different
temperature versus time response 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.

To clarify interpretation of material loss effects related to corrosion (for both bonded and unbonded lap joints) we analyzed
images taken at 0.4 seconds after the heat flash. This time was responsive to material loss from corrosion within the lap
joint. It was late enough to be insensitive to timing uncertainties (from synchronizing the flash lamp with the images
recorded at two IR bands) and surface clutter. It was early enough to provide a good temperature contrast for sites with and
without material loss from corrosion. The 0.4 s measurements were effective regardless of trapped air whichat later times
masked the temperature-timehistory which characterized material-loss effects differently fordisbonded sites (surrounded by
bonded sites) thanfor unbondedsites(surroundedby unbondedsites).
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5.0 DBIR RESULTS FOR THE BOEING 737 AND KC-135 AIRCRAFT PANELS

To clarify interpretation,it is importantto distinguish between surface (ornear surface)clutterand heat transferanomalies at
potential site,s whichidentifyhiddenaircraftdefects. To this end, we applied DBIRanalyses.We produced(enhancedcontrast,
T5) temperatureandemissivity-ratio maps for the Tinker AFB Boeing KC-135, EndPanels No ILF (Figure 4) and No. 51tR
(Figure 5). Also, we produced(T5) temperatureand emissivity-ratio maps for the FAA/AANC Boeing 737 aircraft fuselage
(Figure 6) anda previously characterizedlapjoint specimen, 12designedto replicatethe Boeing 737 aircraftskin,belonging to
the AANC Library(Figures 7-9). Figure.s4-6 and Figure9 show (left to right) the two apparenttemperaturemaps (recordedat
10 I.unand at 5 gin), the enhancedcontrast temperature map, which varies as T5, and theemissivity-ratio map based on (EQ
2), _Q 3) and _Q 4).

Varioustypes of clutterareshown in Figures 4-6 and Figure9. In Figure4, we see wax pencil markings (upperleft corner)as
red (hot) on the temperature maps,but indistinguishableon the emissivity-ratio map, since the surface was painted black. In
Figure 5, we use the threetemperature-relatedmapsto explain a hot "bandaid-like"patched corrosionarea(center,left) and the

" emissivity-ratio map to explain the roughness effect of masking tape which covered the heavily corroded area. In Figure 6, we
note temperature and emissivity-ratio differences for various black cloth (red, ho0 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 applied uniformly (e.g., at the bottom of the fuselage, beneath the lap splice). We
note from emissivity-ratio images in Figure 9 that the front-surface black paint was applied uniformly in (d).

6.0 CHARACTERISTICS OF A BOEING 737 LAP _OINT DISBOND SITE

The Boeing 737 lap joint specimen 12 in Figure 7 has a rectangular (0.1 mm thick) air layer (with no epoxy) shown at the
center of the diagram in (a) which replicates a disbond site. The 10 I.tmIR image shows the disbond site as 0.4 or 0.5 °C
warmer (where it was flash heated) than the epoxy-glue sites which surround it in (b). The ultrasound image shows a better
bond quality at decreasing values for the epoxy-glue sites in (c). The reverse geometry x rays at 100 keV scatter differently
through two overlapping (0.9 mm thick) aluminum sheets with a 0.1 mm air gap than through the same two sheets with an
equally thick epoxy-glue layer in (d).

In Figure 8, we see the warmer than ambient, flash-heated, front-surface disbond site temperatures at 0.5, 2.0, 4.0 and 8.0 s
after the flash (taken at 10 I.tmin top row images: a, b, c, d) and corresponding cooler than ambient, simultaneously recorded
back-stirface disbond site temperatures (taken at 5 I.tm in bottom row images: e, f, g, h). For symmetric lap joint disbonds,
the front-surface disbond sitepattern is rectangular, whereas the back-surface disbond site pattern is circular. At 0.5 s, much of
the heat transfer is two dimensional, across the lap to the back side in the transverse direction (parallel to the surface).

7,0 INTERPRETATION OF TEMPERATURE VERSUS TIME BEHAVIOR

Temperature variations with time (after the heat flash) are compared for the Boeing 737 Stringer 26, Station 400 (s26f400.7)
in Figure 10 and the Boeing KC-135 Panel 2 (2FR, at the right edge of the 30 inch panel) in Figure 11. 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 (at late times 0.5 s or more after the flash) as readily as it would without trapped air. This effect

• is shown in Figure 10 by the near-constant temperature contrast from 0.4 to 1.6 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 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 correspondingsurface temperature rise associated with corrosion.

To clarify interpretation of material loss effects related to corrosion (for both bonded and unbonded lap joints) we analyzed
images taken at 0.4 seconds after the heat flash. This time was responsive to material loss from corrosion within the lap
joint. It was late enough to be insensitive to timing uncertainties (from synchronizing the flash lamp with the images
recorded at two IR bands) and surface clutter. It was early enough to provide a good temperature contrast for sites with and
without material loss from corrosion. The 0.4 s measurements were effective regardless of trapped air whichat later times
masked the temperature-time history which characterized material.loss effects differently for disbonded sites (surrounded by
bonded sites) thanfor unbondedsites (surrounded by unbondeclsites).
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8.0 FAA/AANC LIBRARY SAMPLES AND BOEING 737 AIRCRAFT: CORROSION TABLES

For photographs of the FAA/AANC Boeing Aircraft at the Sandia hangar in Albuquerque, New Mexico, see Appendix A. The
correlation between above ambient surface temperature and percentage of material loss from corrosion is established using a
corroded F-18 wing box structure and four aluminum plates with milled, flat-bottom holes (see Table 1 and Appendix A). The
Agema 880 Burst Recording Unit (BRU) 1.3 gigabyte external hard drive stored the DBIR image data discussed below.

We recorded twenty-four 12 bit digital images from the flash-heated samples scanned at 5 _m and 10 _tm with the Agema
DBIR cameras. These images are shown at 0.4 seconds after the heat flash (see Appendix B). For temperatures recorded at 10

- I.tm (in °C) at eight spots midway between rivets, an area box and profiles along the lap splice, see images in Appendix B.
Tables 1-3 summarize our analyses of FAA/AANC image data at 8 spots on each corrosion sample, calibration plate or
Boeing 737 Aircraft lap splice, the locations of which are shown in Appendix B. The tables show the measured percent
material loss from corrosion relative to a site with the least corrosion for each image. Histogram charts of Table 1-3 data are

" shown (from left to right, sites 0-7) with percent material loss relative to the minimum value. Figures 14-16 are based on
Table 1, Figures 17-19 on Table 2 and Figures 20-22 on Table 3.

Table 1. Measured 10 Bm IR temperature differences for FAA/AANC Library Corrosion Panels: C115-C122 and Calibration
Panels: B 1, B2, B2B3 and S (see Appendix A for photographs and Appendix B for spot locations with relative temperature
differences, AT, in °C, at 0.4 s after the heat flash, compared to a cooler site with less material loss from corrosion). We use
the correlation of average material loss with above ambient surface temperature rise 0.4 s after the heat flash which averaged

24 + 5 % per 1 °C for the four panels shown below and the corroded wing box structure (see Table 5, Appendix A, Figure A-
9, Appendix B, Figure B-6, and Appendix C, Figure C-6).

i

Sample Spot T AT %Corr Sample Spot T AT %Corr Sample Spot T AT %Loss

C115 0 21.6 0.2 5 C119 0 23.4 0.2 5 B1 0 30.8 0.3 7 (2)
Aver. I 21.6 0.2 5 Aver. 1 23.4 0.2 5 %Loss 1 30.7 0.2 n.a.
%Corr. 2 25.2 3.8 n.a. %Corr. 2 23.6 0.4 9 0=9% 2 31.3 0.8 19 (4)
(StD) 3 21.7 0.3 7 (StD) 3 23.7 0.5 12 2=19% 3 30.5 0.0 0

8.4 4 21.8 0.4 9 9.1 4 23.7 0.5 12 4=28% 4 31.7 1.2 29 (6)
(3.2) 5 22.0 0.6 14 (2.9) 5 23.7 0.5 12 5 30.5 0.0 0

6 21.9 0.5 12 6 23.6 0.4 9 l.lmm 6 - 30.7 0.2 n.a.
7 21.7 0.3 7 7 23.2 0.0 0 7 30.3 -0.2 n.a.

C116 0 25.1 0.0 0 C120 0 22.1 0.1 2 PanS 0 34.6 0.6 14 (6)
Aver. 1 25.4 0.3 7 Aver. 1 22.1 0.1 2 %Loss 1 33.9 -0.1 n.a.

%Corr. 2 25.5 0.4 9 %Corr. 2 22.2 0.2 5 0=-20% 2 36.3 2.3 52 (22)
(StD) 3 25.6 0.5 12 (StD) 3 22.4 0.4 9 2-_ 3 34.2 0.2 n.a.

10 4 25.6 0.5 12 7 4 22.5 0.5 12 4=62% 4 38.7 4.7 107(46)
(1.8) 5 25.5 0.4 9 (4.4) 5 22.5 0.5 12 5 34.0 0.0 0

6 25.6 0.5 12 6 22.5 0.5 12 1.0mm 6 34.0 0.0 0
7 25.5 0.4 9 7 22.1 0.1 2 7 34.0 0.0 0

Cl17 0 23.0 0.1 2 C121 0 23.3 -0.1 n.a. B2 0 28.2 0.3 9 (1)
Aver. 1 23.2 0.3 7 Aver. 1 23.4 0.0 0 %Loss 1 28.1 0.2 n.a.

• %Corr. 2 23.2 0.3 7 %Corr. 2 23.7 0.3 7 0=-10% 2 28.6 0.7 22 (3)
(StD) 3 23.4 0.5 12 (StD) 3 23.9 0.5 12 2=19% 3 28.1 0.2 n.a.

9.5 4 23.4 0.5 12 11.5 4 23.9 0.5 12 4=28% 4 28.9 1.0 32 (4)

(4.3) 5 23.4 0.5 12 (2.1) 5 24.0 0.6 14 5 28.2 0.3 n.a.
- 6 23.6 0.7 17 6 23.9 0.5 12 2.3mm 6 28.1 0.2 n.a.

7 23.2 0.3 7 7 23.9 0.5 12 7 28.1 0.2 n.a.
Cl18 0 23.7 -0.2 n.a. C122 0 23.4 0.0 0 B2B3 0 28.9 0.3 5 (1)
Aver. 1 24.2 0.3 7 Aver. 1 23.9 0.5 12 %Loss 1 28.6 0.0 0

%Corr. 2 24.4 0.5 12 %Corr. 2 24.0 0.6 • 14 0=6% 2 29.3 0.7 12 (2)

(StD) 3 24.3 0.4 9 (StD) 3 23.9 0.5 12 2=12% 3 28.6 0.0 0
11.3 4 24.5 0.6 14 11.9 4 23.9 0.5 12 4=17% 4 29.6 1.0 17 (3)

(2.6) 5 24.5 0.6 14 (1.4) 5 23.9 0.5 12 5 28.4 -0.2 n.a.
6 24.4 0.5 12 6 23.9 0.5 12 3.9mm 6 28.7 0.1 n.a.
7 23.8 -0.1 n.a. 7 23.8 0.4 9 7 28.6 0.0 0
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Figure14.Corrosionchart showing sites betweenlap joint rivetsforFAA/AANCLibrary PanelsC115 and C116without
andC117andC118wiW27days exposureto solutionsexpectedto causecorrosiveaction.SeeTable 1 and AppendixB.
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Figure15.CorrosionchartshowingsitesbetweenlapjointrivetsforFAA/AANCLibraryPanelsC! 19andC120with42
daysandC121andC122with54daysexposuretosolutionsexpectedtocausecorrosiveaction.SeeTable1andAppendixB.
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Figure 16.Chartshowingthicknesslosseswhichwereproportionalto surfacetemperaturerisesat 0.4 s after flash-heating
calibrationsamples:B1(1.1 ram), Pans(1.0 ram),B2 (2.3 ram) andB2B3(3.9 ram). Sampleswereblack-paintedaluminum
plateswithmilledflat-bottomholes.SeeTable1 forstatisticalerrorsandAppendixA forthecolor-codedthermalimages.

WeestablishedthecorrelationbetweenpercentthicknesslossanddegreeCelsiussurfacetemperaturerise,at 0.4secondsalter
the heat.flash, based on measurementsfor the following five specimens:

• 1:-18corroded wing box structure fromNorthrop Corporation (2.9 mm uncorroded thickness): 22.1+_ 6.0 % per °(2
• LLNL panel with milled flat-bottom holes, Pans (1.0 mm thickness): 22.7 _+10.0 % per oC

• Bales Scientific Instruments milled fiat-bottom panel from Delta Airlines, B 1(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 ram), combined with B2 to form B2B3 (3.9 mm thickness): 17.2 + 1.8 % per °C

The average of the above five specimen measurements was 24 +_.5 % per oC thickness loss which we used to analyze the
Boeing 737 and KC-135 panels described inTables 1.5 and Appendices A, B and C.
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Table 2, Measured 10 I.tm IR temperature differences for FAA/AANC Boeing 737 Aircraft lap splice, Stringer 26, See

Appendix A for photographs and Appendix B for spot locations with relative temperature differences, AT, in °C, at 0.4 s after
the hea' flash, compared to a cooler site with less material loss from corrosion. We use the correlation of average material
loss with above ambient surface temperature rise 0.4 s after the heat flash which averaged 24 + 5 % per 1 °C.

ii ii i i

" ',_T 'TSite Spot T ,,, %Corr Site Spot AT %Corr Site Spot T AT %Corr

s26 0 25.2 0.3 ,7 s26 0 25.8 0.6 14 s26 0 23.8 0,4 9
f460.3 1 25.3 0,4 9 f420.5 1 25.6 0.4 9 1380.5 1 23.9 0.5 12

2 24.9 0,0 0 2 25.4 0.2 5 2 23.7 0.3 7
max % 3 25.0 0.1 2 max % 3 25.5 0.3 7 max % 3 23.6 0.2 5

12 4 25.4 0.5 12 14 4 25.5 0.3 7 12 4 23.7 0.3 7
(3) 5 25.2 0.3 7 (4) 5 25.3 0.1 2 (3) 5 23.4 0.0 0

6 25.4 0.5 12 6 25.4 0.2 5 6 23.6 0,2 5
7 25.3 0.4 10 7 25.3 0.1 2 7 23.7 0.3 7

s26 0 25.1 0.4 9 s26 0 25.4 0.3 7 s26 0 20,6 -0.8 n.a.
f440.8 1 24,9 0.2 5 f420 1 25.4 0.3 7 t380 1 20.5 -0.9 n.a.

2 24.9 0.2 5 2 25.4 0.3 7 2 20.5 -0.9 n.a.
max % 3 24.7 0.0 0 max % 3 25.2 0.1 2 max % 3 21.9 0.5 12

9 4 24.9 0.2 5 9 4 25,4 0.3 7 12 4 21,8 0.4 9

('3) 5 24.9 0.2 5 (3) 5 25.4 0.3 7 (3) 5 21.8 0.4 9
6 24.9 0.2 5 6 25.4 0.3 7 6 21.8 0.4 9
7 24.8 0. I 2 7 25.5 0.4 9 7 21.4 0.0 0

s26 0 24.8 -0.4 na s26 0 25.4 0.4 9 s26 0 25.1 0.5 12
f440.4 1 24.8 -0.4 na f400,7 1 25.4 0.4 9 f360.5 1 25.0 0.4 9

2 24.6 -0.6 na 2 25.3 0,3 7 2 24.9 0.3 7
max % 3 25.8 0.6 14 max % 3 25.6 0.6 14 max % 3 25.1 0.5 12

14 4 25.8 0.6 14 14 4 25.4 0.4 9 12 4 24.9 0.3 7

(4) 5 25.5 0.3 7 (4) 5 25.6 0.6 14 (3) 5 25.1 0.5 12
6 25.4 0.2 5 6 25.3 0.3 7 6 24.8 0.2 5
7 25.3 0.1 2 7 25.4 0.4 9 7 24.8 0.2 5

s26 0 25.8 0.6 14 s26 0 25.6 0.6 14 s26 0 25.4 0.4 9
f440 1 25.8 0.6 14 f400,3 1 25.4 0.4 9 1360 1 25.4 0.4 9

2 25.9 0,7 17 2 25.4 0.4 9 2 25.1 0.1 2
max % 3 25.4 0.2 5 max % 3 25.1 0.1 2 max % 3 25.4 0.4 9

17 4 25.5 0.3 7 14 4 25.3 0.3 7 12 4 25.5 0.5 12
(4) 5 25.4 0.2 5 (4) 5 25.4 0.4 9 (3) 5 26,0 1.0 n.a.

6 25.2 0.0 0 6 25.3 0.3 7 6 25.1 0.1 2

7, 25.6 0.4 9 7 25.1 0.1 2 7 24.8 -0.2 n.a,H|Ill I II I |

,4
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Figure 17. Percent material loss from corrosion, left to right of Stringer 26 images (centered from 30% aft of Station f460 to
Station f440) relative to a cooler area with less material loss from corrosion. See Table 2 and Appendix B for spot locations
where surface temperaturedifferences were measured.
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Figure 18. Percent material loss from corrosion, left to right of Stringer 26 images (centered from 50% aft of Station f420 to
30% aft of Station f400) relative to a cooler area with less material loss from corrosion. See Table 2 and Appendix B for spot
locationswhere surface temperaturedifferences were measured.
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Figure 19. Percent material loss from corrosion, left to rightof Stringer 26 images (centered from 50% aft of Station f380 to
Station t'360) relative to a cooler area with less material loss from corrosion. See Table 2 and Appendix B for spot locations
where surface temperaturedifferenceswere measured.
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Figure 20. Percent material loss from corrosion, left to right of Stringer 25 images (centered from Station t"967,near the tail
section, to 50% aft of Station f360) relative to a cooler area with less material loss from corrosion. See Table 3 and Appendix
B for spot locations where surface temperature differences were measured.
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Table 3. Measured 10lain IR temperaturedifferences for FAAJAANC Boeing 737 Aircraft lap splice, Stringers 25 and 24 (see
Appendix A for photographs and Appendix B for spot locations with relative temperature differences, AT, in °C, at 0.4 s after
the heat flash, compared to a cooler site with less material loss from corrosion). We use the correlation of average material
loss with above ambient surface temperature rise 0.4 s after the heat flash which averaged 24 + 5 % per 1 °C. The Stringer 25
tail section site, centered 50% aft of Station t927, where we found the most material loss (42 ± 9 %), may have been patched.

I III I I I

Site Spot T AT %Corr Site Spot T , AT %Corr Site Spot T AT %Corr

s25 0 28.9 0.1 2 s25 0 25.6 -0.1 n.a. s24 0 23.0 0.0 0
" t967 I 29.0 0.2 5 t"887.5 1 25.6 -0.1 n.a. 1328 1 23.1 0.1 2

2 29.2 0.4 9 2 25.6 -0.1 n.a. 2 23.2 0.2 5
max % 3 29.4 0.6 .14 max % 3 25.9 0.2 5 max % 3 23.3 0.3 7

33 4 29.1 0.3 7 17 4 26.4 0.7 17 21 4 23.3 0.3 7
(7) 5 28.9 0,1 2 (4) 5 26.4 0.7 17 (5) 5 23.5 0.5 12

6 29.7 0.9 21 6 26.3 0.6 14 6 23.6 0.6 14
7 30.2 1.4 33 7 25.9 0.2 5 7 23.9 0.9 21

s25 0 28.3 0.7 17 s24 0 22.0 0.0 0 s24 0 24.6 -0.1 n.a.
1947.2 1 28.1 0.5 12 t360 1 22.0 0.0 0 t"312.4 1 25.1 0.4 9

2 28,0 0.4 9 2 22.2 0.2 5 2 24.9 0.2 5
max % 3 27.7 0.1 2 max % 3 22.1 0.1 2 max % 3 25. I 0.4 9

17 4 27.9 0.3 7 12 4 22.1 0.1 2 12 4 25.0 0.3 7
(4) 5 27.6 0.0 0 (4) 5 22.4 0.4 9 (4) 5 25.1 0.4 9

6 27.8 0.2 5 6 22.4 0.4 9 6 25.0 0.3 7
7 27.7 0.1 2 7 22.5 0.5 12 7 25.2 0.5 12

s25 0 28,9 0.1 2 s24 0 22.9 0,2 5 s24 0 24.6 0.2 5
t927.5 1 30.1 1.3 31 f344.8 1 22.8 0.1 2 f294.5.8 1 24.6 0.2 5

2 30.6 1.8 42 2 22.8 0.I 2 2 24.6 0.2 5
max % 3 29.8 1.0 24 max % 3 22.8 0.1 2 max % 3 24.6 0.2 5

42 4 29.3 0.5 12 5 4 22.8 0.1 2 12 4 24.6 0.2 5
(9) 5 29.2 0.4 9 (2) 5 22.8 0.1 2 (4) 5 24.6 0.2 5

6 28.9 0.1 2 6 22.7 0.0 0 6 24.9 0.5 12
-

7 28.8 0.0 0 7 22.7 0.0 0 7 24.9 0.5 12
s25 0 28.6 0.1 2 s24 0 28.7 5.0 n.a. s24 0 23.9 -0.6 n.a.

t907.5 1 29.0 0.5 12 1328.5 1 28.9 5.2 n.a. f294.5.3 1 23.5 -1.0 n.a.
2 29.3 0.8 19 2 20.6 -3.1 n.a. 2 24.0 -0.5 n.a.

max % 3 28.9 0.4 9 max % 3 24.7 1.0 n.a. max % 3 24.6 0.1 2
19 4 29.1 0.6 14 9 4 23.8 0.1 2 9 4 24.6 0.1 2
(4) 5 29.3 0.8 19 (3) 5 24.0 0.3 7 (3) 5 24.9 0.4 9

6 28.8 0.3 7 6 23.9 0.2 5 6 24.8 0.3 7
7 28.7 0.2 5 7 24.1 0.4 9 7 24.6 0.1 2

II I I I
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Figure21.Percentmaterialloss fromcorrosion,leftto rightof Su'inger25 images(centered50%aft of Stationf887,nearthe
tailsection)andStringer24(centeredfromStationf360to50%aftofStation1328,nearthonosesection)relativetoacooler
areawithlessmateriallos._fromcorrosion.SeeTable3andAppendixBforspotlocationsoncolor-cededtemperaturemaps.

A'

_aca25 FAA/AANC Boeing 737O
,ram

m==

== 20m
hn

Ot

E 15

,-.10
e_
o

o

o
_ 0

O 04 _ ¢.D O 04 _1" ¢,D Q O,,I "¢1" (.O CJ 04 _ ¢_D

a24f328 s24f312.4 s24f294.5.8 s24f294.5.,_

.................................. Stringer Location ...................................

Figure22.Percentmateriallossfromcorrosion,lefttorightof Stringer24images(centeredfromStadont"328to 30%aftof
Stadonf294.5,nearthenosesection)relativetoa coolerareawithlessmateriallossfromcorrosion.SeeTable3 and
AppendixBforspotlocationsoncolor-codedtemperaturemaps.
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9.0 BOEING KC-135 AIRCRAFT PANELS: CORROSION TABLES

Photographs of Inspection Panels Nos. 2-4 and End Panels Nos. 1-5 are shown facing the front surface, painted black, before
and after the black paint was removed and facing the back surface (see Appendix A). Thickness measurements were taken at
various locations and shown adjacent to the photographs (at top right).

The Agema 880 DBIR System recorded twenty-three 12 bit digital images scanned at 5 gm and 10 gm from flash-heated
Tinker AFB Boeing KC-135 Inspection Panels 1-5. These images are shown at 0.4 seconds after the heat flash (see Appendix
C). There were eight spots selected and an area box where surface temperatures were displayed. Also there were profiles of

. temperatures recorded at 10 gm (in oc). The correlation between the above ambient surface temperature and the percent
material loss from corrosion was established using the corroded F-18 wing box structure and several aluminum plates with
milled, fiat-bottom holes (see Table 1 and Appendix A).

i

Tables 4 and 5 summarize our calculations for 8 spots on each panel or end piece, the locations of which are shown in

Appendix C. The tables show the measured percent skin-thickness loss from corrosion relative to a site with the least
corrosion for each image. Histogram charts of Table 4 data are shown (from left to right, at sites 0-7) with percent material
loss relative to the minimum value. See Figures 23-25 respectively for Panels 2-4.

Table 4. Tinker KC-135 panel measurements (see Appendix A for photographs of Panels 2-4 and Appendix C for spot

locations with relative temperature differences, AT, in °C, at 0.4 s, compared to a cooler site with less material loss from
corrosion). We use the established average material loss of 23.6% per 1 °C surface temperature rise 0.4 s after the heat flash

(see Appendix A).

Illlll Ill Illll I Ill Ill

Panel Spot T AT %Corr Panel Spot T AT %Corr Panel Spot T AT %Corr
I I I Illlll

2FL 0 27.2 0.0 0 3FL 0 28.5 1.0 24 4FL 0 27.6 0.2 5
1 27.6 0.4 9 1 29.0 1.5 35 1 27.7 0.3 7
2 27.4 0.2 5 2 27.8 0.3 7 2 27.8 0.4 9
3 27.4 0.2 5 3 29.3 1.8 42 3 28.0 0.6 14
4 27.6 0.4 9 4 27.8 0.3 7 4 28.0 0.6 14
5 27.4 0.2 5 5 28.1 0.6 14 5 27.8 0.4 9
6 27.6 0.4 9 6 28.0 0.5 12 6 28.4 1.0 24
7 27.4 0.2 5 7 28.0 0.5 12 7 27.4 0.0 0

2fC 0 29.2 2.0 47 3FLC 0 30.0 2.5 59 4FLC 0 27.9 0.5 12
1 29.3 2.1 50 1 30.4 2.9 68 1 28.0 0.6 14
2 28.9 1.7 40 2 29.8 2.3 54 2 28.3 0.9 21
3 28.0 0.8 19 3 29.5 2.0 47 3 28.2 0.8 19
4 28.7 1.5 35 4 29.4 1.9 45 4 28.3 0.9 ? I
5 28.8 1.6 38 5 29.1 1.6 38 5 27.9 0.5 12
6 28.4 1.2 28 6 29.7 2.2 52 6 28.8 1.4 33
7 27.4 0.2 5 7 28.7 1.2 28 7 28.0 0.6 14

2FRC 0 30.1 2.9 68 3fRC 0 27.9 0.4 9 4FRC 0 29.3 1.9 45
1 29.6 2.4 57 1 28.2 0.7 17 1 29.2 1.8 42
2 29.1 1.9 45 2 27.9 0.4 9 2 28.8 1.4 33
3 29.1 1.9 45 3 27.6 0.1 2 3 28.7 1.3 31

.. 4 29.2 2.0 47 4 28.3 0.8 19 4 28.5 1.1 26
5 29.2 2.0 47 5 27.6 0.1 2 5 28.3 0.9 21
6 28.4 1.2 28 6 28.5 1.0 24 6 29.2 1.8 42
7 27.9 0.7 17 7 27.5 0.0 0 7 28.2 0.8 19

2FR 0 28.7 1.5 35 3FR 0 29.3 1.8 42 4FR 0 29.6 2.2 52
1 28.4 1.2 28 1 28.7 1.2 28 1 29.4 2.0 47
2 27.8 0.6 14 2 28.3 0.8 19 2 29.2 1.8 42
3 28.7 1.5 35 3 28.9 1.4 33 3 29.3 1.9 45
4 29.1 1.9 45 4 28.6 1.1 26 4 28.5 1.1 26
5 29.0 1.8 42 5 29.1 1.6 38 5 28.9 1.5 35
6 28.1 0.9 21 6 29.4 1.9 45 6 29.5 2.1 50
7 28.5 1.3 31 7 28.1 0.6 14 7 28.1 0.7 17

IIII I IIII I II III I
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Figure 23. Percent material loss from corrosion, left to right of Panel 2, relative to a cooler area with less material loss from
corrosion. See Appendix C for spot locationswhere surface temperaturedifferences were measured.
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Figure 24. Percent material loss fromcorrosion, left to right of Panel 3, relative to a cooler area with less material loss from
corrosion. See Appendix C for spot locations where surface temperaturedifferences were measured.
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Figure 25, Percent material loss from corrosion, left to right of Panel4, relative to a cooler area with less material loss from
corrosion.See. _ppendixC for spotlocationswheresurfacetemperaturedifferenceswere measured.

10.0 SUMMARY AND CONCLUSION

We applied dual-band infrared imaging for wide area inspection of a Boeing 737 aircraft owned by the AANC, Sandia in
Albuquerque, NM and several Boeing KC-135 aircraft panels used for the round robin experiment at Tinker AFB, OK. Wc
analyzed selectiveDBIR imageratioswhich enhancesurfacetemperaturecontrastandrcmovesurface-emissivityclutter (from
dirt, dents,tape,markings, ink, sealants,unevenpaint,paint su'ipper,exposedmctaland roughncssvariations).

We establishedthe correlation of percent thicknesslosswith surface temperature rise (above ambient) for a Flash-he,ted,
partially corrodedF-18 wing box structure(with a 2.9 mm uncorrodedthickness)and severalaluminum reference panels(with
1.0, I.I, 2.3 and 3.9 mm thicknesses)which had 6 to 60 % thicknesslossesat milled flat-bottom hole sites. Basedon this
correlation, lap splice temperaturesrise I °C per 24 + 5 % material lossat 0.4 s after the heat flash. Corrosion by-products
played a negligiblerole comparedto the 21% experimen_ errorsassociatedwith different thicknesscalibrationpanels.

By recording 12 bit digital images,we had flexibility to scalethe image data for an extendedtemperaturerange (suitable for
extensivecorrosiveactivity) or to resoi,.,esmall temperaturedifferencesfor a narrow range(suitable for minimal corrosive
activity). By recordingthickness-losseffects related to surfacetemperatureincreasesat 0.4 s after the heat flash, we avoided
the late time maskingeffect ofdisbonds which delay heaturansferfrom the front to theback surface(e.g., for the Boeing 737).

Thermal inertia mapsdepictedbulk thermal propcr_yeffects while minimizing nonuniformiLiesin the heat source. Late time
thermal inertia maps(at 1.6 to 8.0 s for the Boeing 737 and0.4 to 4.0 s for the Boeing KC-135) depictedlap splice siteswith

. corrosion-relatedmateriallosseswhich hadlessresistanceto temperaturechangethantheirsurroundings.

The Boeing 737 Aircraft fuselage lap splices had corrosion-relatedthickness losses(relative to the least corroded site per
image) typically from as low as 2 ± 2 % to as highas 42 +_.9%; whereas, the Boeing KC-135 Inspection Panel lap splice
thicknessv3ssesranged from 2 ± 2 % to 68 + 14 %. We notean exceptionalcase: the left a,-_dright (overlapping) imagesof
d_ left endpiece for Panel 5, in Table 5, with -100% corrosion.In this case,corrosionappearsto have made an area of very
low conductivity (e.g., air within a hole, which was covered up by tape) where we measureda 44 ± 6 °C above ambient

,, surfacetempexatur¢riseat 0.4 safter the heat flash.

23



Table 5. Tinker KC- 135 panel end piece measurements (see Appendix A for photographs of the end pieces for Panels 1-5 and

Appendix B for spot locations with relative temperature differences, AT, in °C, at 0.4 s, compared to a cooler site with less
material loss from corrosion). We used the established average material loss of 23.6% per 1 °C surface temperature rise, 0.4 s
after the heat flash (see Appendix C).

II

Panel Spot T AT %Corr Panel Spot T AT %Corr Panel Spot T AT %Corr
i_amm

• 1LF 0 29.8 0.8 19 3LF 0 27.8 0.3 7 51fL 0 69.2 40.2 ~100
1 30.3 1.3 31 1 27.8 0.3 7 1 30.4 1.4 33
2 30.5 1.5 35 2 27.6 0.1 2 2 30.4 1.4 33
3 30.1 1.1 ' 26 3 28.8 1.3 31 3 30.7 1.7 40
4 29.7 0.7 17 4 28.3 0.8 19 4 30.5 1.5 35
5 29.7 0.7 17 5 28.1 0.6 14 5 30.0 1.0 24
6 29.5 0.5 12 6 27.5 0.0 0 6 29.5 0.5 12
7 29.3 0.3 7 7 28.0 0.5 12 7 29.5 0.5 12

1RF 0 29.5 0.5 12 3RF 0 28.2 0.5 12 51fR 0 75.9 46.9 -100
1 29.0 0.0 0 1 29.0 1.3 31 1 30.4 1.4 33
2 29.2 0.2 5 2 29.1 1.4 33 2 30.0 1.0 24
3 29.5 0.5 12 3 28.7 1.0 24 3 29.8 0.8 19
4 29.3 0.3 7 4 28.0 0.3 7 4 29.7 0.7 17
5 29.7 0.7 17 5 28.9 1.2 28 5 29.4 0.4 9
6 29.4 0.4 9 6 29.1 1.4 33 6 29.5 0.5 12
7 29.2 0.2 5 7 28.5 0.8 19 7 29.3 0.3 7

2LF 0 29.7 0.5 12 4LF 0 29.1 1.0 24 5RF 0 29.5 0.3 7
1 29.6 0.4 9 1 28.8 0.7 17 1 30.2 1.0 24
2 29.5 0.3 7 2 28.7 0.6 14 2 30.0 0.8 19
3 29.7 0.5 12 3 28.9 0.8 19 3 29.5 0.3 7
4 29.5 0.3 7 4 28.9 0.8 19 4 29.5 0.3 7
5 29.4 0.2 5 5 28.8 0.7 17 5 30.6 1.4 33
6 29.6 0.4 9 6 29.1 1.0 24 6 30.6 1.4 33
7 29.7 0.5 12 7 29.1 1.0 24 7 30.3 1.1 26

2RF 0 30.8 1.7 40 4RF 0 28.7 0.7 17 panP 0 _ 27.6 0.1 2
1 29.9 0.8 19 1 28.3 0.3 7 1 29.2 1.7 40
2 29.3 0.2 5 2 28.2 0.2 5 2 28.1 0.6 14
3 29.8 0.7 17 3 28.9 0.9 21 3 27.7 0.2 5
4 29.4 0.3 7 4 29.1 1.1 26 4 27.6 0.1 2
5 30.0 0.9 21 5 28.3 0.3 7 5 29.2 1.7 40
6 29.3 0.2 5 6 28.4 0.4 9 6 27.9 0.4 9
7 29.1 0.0 0 7 28.1 0.1 2 7 27.7 0.2 5

III
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" APPENDIX A: PHOTOGRAPHS OF HANGAR SETUP AND TEST PANELS

q

We show photographsof:

• theBoeing 737 aircraftownedby the FAAJAANCandhousedat theSandiaAlbuquerquehang_u"where we conductedour
demonstrationof dual-bandinfraredimagingtolocatehiddendefccLs;

• theTinkerAFB Panelsremovedfrom theBoeingKC.! 35aircraftwhichwerebroughtto LLNL whereweconductedour
corrosionstudies;

• thecorrodedF-18 wingbox structureusedto establishthecorrelationbetweensurfacetcmperaturerise,abovethe
ambienttemperature,andthicknesslossassociatedwithcorrosion:

• oneof thealuminumplateswithmilled flat bottomholesusedto establishthecorrelationbctwccnsurfacetemperature
rise,abovetheambienttemperatureandthicknesslossfroma milled,fiat-bottomhole.
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Figure A-3. Tinker AFB Panels 2, 3 and 4 (top to bottom) shown before black paint was removed (upper left), after black
paint was removed (lower left), from the back side (lower right), and with thickness measurements in mils (thousandths of an
inch, upper right).
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Figure A-4. Tinker AFB Panel 1 left (1LF) and right (1RF) end pieces shown before black paint was removed (upper left),
after black paint was removed (lower left), from the back side (lower right), and with thickness measurements in mils
(thousandths of an inch, upper right).
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Figure A-5. Tinker AFB Panel 2 left (2LF) and right (2RF) end pieces shown before black paint was removed (upper left),
after black paint was removed (lower left), from the back side (lower right), and with thickness measurements in mils
(thousandths of an inch, upper right).
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Figure A-6. Tinker AFB Panel 3 left (3LF) and right (3RF) end pieces shown before black paint was removed (upper left),
after black paint was removed (lower left), from the back side (lower right), and with thickness measurements in mils
(thousandths of an inch, upper right).
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Figure A-7. Tinker AFB Panel 4 left (4LF) and right (4RF) end pieces shown before black paint was removed (upper left),
after black paint was removed (lower left), from the back side (lower right), and with thickness measurements in mils
(thousandths of an inch, upper right).
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Figure A-8. Tinker AFB Panel 5 left (5LF) and right (5RF) end pieces shown before black paint was removed (upper left),
after black paint was removed (lower left), from the back side (lower right), and with thickness measurements in mils
(thousandths of an inch, upper right).
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Figure ,.\-L.).Top left: irt)nt ,_ltlco1 F-IX wing b_)x structure which was pa_rltcd bla_:k t_) ,_bs_)rb l_)ur _)r Iivc times the heat
absorbed by an unpainted aluminum surface. Note dlickness differences left and right _)l ,d_t between channel two and channel
three. Top right: wing I_)x structure showing corrosion by-products at back I"Jcc_I lr()nt side. Bolt_)m left and right: front a_ld
back side of 2.3 mm alumlnt]m [')l;.llewith ().2,_ rnm, ().46 mm and 11.66mm ll:tl b_qlom h_lex lla.,_h-heated from the front.
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APPENDIX B: COLOR-CODED IMAGES OF BOEING 737 AND TEST PANELS

We show color-coded temperature patterns 0,4 seconds after flash-heating the FAA/AANC Boeing 737 Aircraft fuselage lap
splice structures and corrosion panels: Cl15-122 from the AANC Library with a typical temperature range of 0.8 °C. Also,
we show spot locations where temperature data were collected for use in Table I, Table 2 and Table 3. Area I"/,_xeswere used
in most instances to determine cool sites with minimal corrosion.
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Figure B-I. Left to right, from top row to bottom row: an overview of tw.elvc Stringer 26 lap splice sites fronl SLnLIOn 146(} to _kt[iOll l\_0() sho_, _,11"1_

At:ema 880 DBIR System long wavelength (|0 I.tm) color-coded temperatures in °C at 0.4 s alter the flash. Note temperature pr{)lllcs along the lap

_p'iice where green, yellow and red represent incrc_asing surface tcmpcratures from skin thickness losses assCKialcd _,_,ilh corrosion.
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Figure B-3. Agema 880 DBIR Systcm long wavelcngth (I0 I.l.m) color-coded temperature patterns in °C at 0.4 s after the
heat-flash. Top row, left to right, panels C115 and C116 were not exposed to solutions expected to cause corrosive action,
while bottom row, left to right, panels C117 and C118 were exposed for 27 days to solutions expected to cause corrosive
action (see Table 1, Figure 14).
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Figure B-4. Agema 880 DBIR System long wavelength (10 I.tm) color-coded temperature patterns in °C at 0.4 s after the
heat-flash. Top row, left to right, panels C119 and C120 were exposed for 42 days to solutions expected to cause corrosive
action, while bottom row, left to right, panels C121 and C122 were exposed R_r 54 days to solutions expected to cause
corrosive action (see Table 1, Figure 15).
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Figure B-5. Agema 880 DBIR System long wavelength (10 I.tm) color-coded temperature patterns in °C at 0.4 s after the
heat-flash. Top row, left to right, show panel B1 (1.1 mm, with 9%, 19% and 28% thickness-loss holes) and p_nel S (1.0
mm, with 20%, 40% and 62% thickness-loss holes), while bottom row, left to right, show panel B2 (2.3 mm, with 10%,
19% and 28% and composite panel B2B3 (3.9 ram, with 6%, 12% and 17% thickness-loss holes). See Table 1, Figure 16.
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Figure B-6. Left: Agema 880 DBIR System long wavelength (10 I.tm) color-coded temperature patterns in oc at 0.4 s after
the heat-flash for F-18 wing box structure spot temperatures 0-7 and area box temperature (near spot 5) corresponded to sites
where channel thickness measurements were made. The thickness loss per degree Celsius for the 2.9 mm (uncorroded

thickness) structure was 22.1% (or 0.643 ram). Right: x-ray radiograph of corroded wing box structure showing three
channels from left side of the flash-heated front face, which was painted black.
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Figure I3-7. Boeing 737, Stringer 26 Agema 880 DBIR System long wavelength (lO pro) color-coded temperatures in °C at

0.4 s after flash, as shown in four images from top row, lct t to right, Station t"461').3 (30% aft, toward next station) and
Station f440.8 (80% aft, toward next '_tation) and bottom row, Iclt to right, Station f440.4 (40% aft toward next station) andStation f440. See Table 2, F'igurc 17.
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Figure B-8. Boeing 737, Stringer 26 Agema 880 DBIR System long wavelength (10 lam) color-coded temperatures in oc at
0.4 s after flash, as shown in four images from top row, left to right, Station f420.5 (50% aft, toward next station) and
Station f420 and bottom row, left to right, Station f400.7 (.70%aft, toward next station) and Station f40().3 (30% aft, toward
next station). See Table 2, Figure 18.

43



Figure B-9. Boeing 737, Stringer 26 Agema 880 DBIR System long wavelength (10 l.tm)color-code4 temperatures in °C at
0.4 s after flash, as shown in four images from top row, left to right, Station 1380.5 (50% aft, toward next station) and
Station 1"380and bottom row, left to right, Station f360.5 (50% aft, toward next station) and Station 1360. See Table 2,
Figure 19.
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Figure B-IO. Boeing 737, Stringer 25 Agema 880 DBIR System long wavelength (10 I.tm) color-coded temperatures in °C at
0.4 s after flash, as shown in four images from top row, left to right, Station 1967 and Station t947.2 (20% aft, toward next
station) and bottom row, left to right, Station 1927.5 (50% aft, toward next station) and Station t907.5 (50% aft, toward next
station). See Table 3, Figure 20.

45



9tJ

1 _ oJn,_!_'_ olqe.l,_S "(uo!11,-lsl:¢oupJv,,_ol'ljp,%0_) _;'8_
UOllLqS |)U_ (UOII_._ 11¢0UpJl:_Ol '11I' '_,._()N)N't't"_l U()!II'IS '_ JO_tl!.llS '14_!J Ol 1101'_OJ UlOllOq pUR 09ctJ uo!I_S '_,_ Jo_u!.l'l S
pui', (uo!l_,ls 1_¢,7t1pJ_ol '1.tp. r_o()C) _¢'LNN.Iu°!II'|S '_ Jo_u!J1S '14_!.t ol 1.101'_oJ dol uJoJt so,_,tul Jnoj u! u_xoqs sn 'qs_,Ll

JOl.l_ s _'0 1_ Do u! soJnll;Jodtuol papo:_-JOlO_ (ttlfl ()I) ql,_UOloA_'_ _U°l UJ°lX'(S _11_t(2 ()'_ _,tuo,_V 'LE/. _u],-x_E "I I-_I oJn_!B



Figure B-12. Boeing 737, Stringer 24 Agema 880 DBtR System long wavelength (10 lam)color-coded temperatures in °C at
0.4 s after flash, as shown in four images from top row, left to right, Station 1328and Station f312.4 (40% aft, toward next
station) and bottom row, left to right, Station t294.5.8 (80% aft of Station i294.5) and Station _9_.5.3 (30% aft of Station
_94.5). See Table 3, Figure 22.
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APPENDIX C: COLOR.CODED IMAGES OF BOEING KC-135 PANELS

We showcolor-coded temperaturepatterns0.4 secondsafter flash-heating the Tinker AFB Boeing KC- I.t5 ln_pccti()n Panels
2-4 usinga temperaturerange of 4 °C, and endpiecesfor Panels I-5 usinga Icmperaturc rangeor 2 oc. AIs_, we _h,_w._p_l
locationswhere temperaturedata were collected for use inTable 4 and Table 5. Area boxeswere used in most instancestu
determinecool siteswith minimal corrosion.
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Figure C-1. Panel 2 Agema 880 DBIR System long wavelength (10 lam) color-coded temperatures in °C at 0.4 s after flash,
as shown in four images from top row, left to right (left edge to center) and bottom row, left to right (center to right edge).
Note temperature profile across line through center of lap splice with average temperature for area box near spot 4.
Temperature data at spots 0 through 7 are included in Table 4.
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Figure C-2. Panel 3 Agem_ 880 DBIR System long wavelength (10 I.tm)color-coded temperatures in °C at 0.4 s after flash,
as shown in four images from top row, left to right (left edge to center) and bottom row, left to right (center to right edge).
Note temperature profile across line through center of lap splice with average temperature for area box near spot 4.
Temperat,,tredat_ at spots 0 through 7 are included inTable 4.
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Figure C-3. Panel 4 Agema 880 DB!R System long wavelength (10 I.tm) color-coded temperatures in °C at 0.4 s after flash,
as shown in four images from top row, left to right (left edge to center) and bottom row, left to right (center to right edge).
Note temperature profile across line through center of lap splice with average temperature for area box near spot 4.
Temperature data at spots 0 through 7 are ir_c!uded in Table 4.
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Figure C-4. Top row, left to right: Panel 1 left and right end piece images of Agema 880 DBIR System long wavelength (10

l.tm) color-coded temperatures in °C at 0.4 s after flash. Bottom row left to right: Panel 2 left and right end piece images of

Agema 880 DBIR System long wavelength (10 I.tm) color-coded temperatures in °C at 0.4 s after llash. Temperature data at
spots 0 through 7 are included in Table 5.
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Figure C-5. Top row, left to right: Panel 3 left and right end piece images of Agema 880 DBIR System long wavelength (10

_xm) color-coded temperatures in °C at 0.4 s after flash. Bottom row, left to right: Panel 4 left and right end piece images of

Agema 880 DBIR System long wavelength (10 Ixm) color-coded temperatures in °C at 0.4 s after flash. Temperature data at
spots 0 through 7 are included in Table 5.
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Figure C-6. Top row, left to right: two (left and right) Panel 5 left end piece images of Agema 880 DBIR System long

wavelength (10 I.tm) color-coded temperatures in °C at 0.4 s after flash. Bottom row, left: Panel 5 right end piece image of

Agema 880 DBIR System long wavelength (10 I.tm) color-coded temperatures in °C at 0.4 s after flash. Bottom row, right:
F-18 wing box structure with varying amounts of material loss from corrosion used to establish the correlation between
above-ambient surface temperature and aluminum channel thickness loss. Temperature data at spots 0 through'7 are included
in Table 5.
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