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ABSTRACT

Surface corrosion on aluminum aircraft skins, near joints and around fasteners is often an
indicator of buried structural corrosion and cracking. Aircraft paints are routinely removed to reveal the
presence of corrosion on the surface of metal structures, and the aircraft is subsequently repainted
following repair. This process can be very expensive, time consuming, and results in the generation of
air pollution and process waste. A method, other than visual inspection, is needed to detect the early
onset of corrosion on metal substrates covered by protective coatings so that aircraft paints do not have
to be stripped without cause. By employing non-destructive techniques to inspect the aircraft exterior
structure without removing coatings, the amount of stripping and reapplication of coatings that occurs at
the military rework facilities can be substantially reduced. It is anticipated that hazardous pollutants will
be significantly reduced by eliminating scheduled organic coating removal and moving to a process
where IR measurements will be used to determine when and if coating removal is required.

This report documents and presents the results and theory of both Infrared Reflectance Imaging
Technique (IRRIT) and Blackbody Illumination Methods, which produce high fidelity images of
corrosion and other structural defects under coatings. The technology exploits the difference in infrared
(IR) reflection properties between corroded and non-corroded metallic surfaces. Infrared radiation from
maintenance facility lights, the sun, or a low-wattage IR heater illuminates the area to be observed. The
IR energy passes directly through the coating and then reflects off the metallic substrate back through the
coating and into an IR camera. Since the corroded areas do not reflect the IR energy as well as the non-
corroded areas, a picture or image is generated by the IR camera much the same as observing the
corrosion under standard visual techniques.

The demonstration and validation measurements at NAVAIR Jacksonville (P-3 Outer Mold Line)
and Oklahoma City Air Logistics Center (KC-135 Inner Mold Line and B-52 Inner Mold Line) illustrate
clearly that the IRRIT is an improved method of corrosion inspection compared to the current baseline
visual inspection method. IRRIT will give an engineering and corrosion control staff the capability to
make sound engineering decisions as to whether to remove coatings or not to remove the coatings based
on the reliable detection of corrosion through coatings. A level of 70-80% accuracy was achieved with
the IRRIT while performing in a non-interference role with production. This inspection accuracy rate is
significantly higher than the 5-25% accuracy of the visual inspection method. In theory, if the IRRIT user
spends significant time scanning and doing the real-time inspection the level of accuracy should be close
to 100%.

The cost and environmental benefit criteria for pollution prevention was projected and applied
based on actual usage data of materials plus projected waste savings scenarios from the demonstration
and validation measurements at NAVAIR Jacksonville and Oklahoma City Air Logistics Center. The
study, based upon an aircraft with an estimated 6500 square feet surface area, confirms a potential
environmental savings of 300,000 pounds of Volatile Organic Compounds, 2,500 pounds of Chromates,
and 1,100,00 pounds of Hazardous Mtaerials can be saved for a fleet of 100 aircraft over a 4 year period.
Additionally, labor and material savings of $135,000 per aircraft can be realized.

The detection of corrosion under coatings was initially funded by the Strategic Environmental
Research & Development Program (SERDP) under Contract DACA72-99-C-0011 and a follow-on
contract was awarded and funded by the Environmental Security Technology Certification Program
(ESTCP) for the purpose of eliminating or minimizing pollution from unnecessary paint removal
operations on DoD weapons platforms, such as, aircraft.

xi



1. INTRODUCTION

1.1 Background

Prematurely stripping aircraft for corrosion inspection or maintenance purposes
causes excess pollution in the form of Hazardous Air Pollutants (HAP), Volatile Organic
Compounds (VOC) emissions, Resource Conservation Recovery Act (RCRA) waste, and
carcinogenic chromates. Aircraft organic coatings are routinely removed to reveal the
presence of corrosion and treat corrosion on the surface of metal structures, and the
aircraft is subsequently recoated. This process is expensive, time consuming, and results
in the generation of large quantities of waste that must be disposed of appropriately. A
method is needed to detect the early onset of corrosion on metal substrates covered by
protective coatings so that aircraft coatings do not have to be stripped unnecessarily. By
employing nondestructive techniques to inspect the aircraft exterior structure and finish,
the amount of unnecessary stripping and reapplication of coatings that occurs during
aircraft maintenance can be substantially reduced.

Aircraft rework typically involves the stripping and reapplication of coatings
applied to protect aircraft structure. With recent advances in coating technology, new
coatings will last beyond the current depot level maintenance cycles of 4-8 years for most
military aircraft. It is currently feasible to apply corrosion inhibiting primers that provide
excellent adhesion properties and are not intended to be routinely stripped. In addition, it
is anticipated that the next generation of cleanable, durable topcoats may remain on the
air vehicle for extended periods (10+ years). In the past, stripping of the coatings
provided a means to visually inspect the condition of the substrate. As the industry moves
toward application of more permanent coatings, it is imperative that alternate inspection
techniques be developed which can verify the integrity of the coating system and
substrate without relying on coating removal for similar aircraft coating systems.

Over the years, a variety of nondestructive methods have been evaluated for
detection of corrosion under paint, but no modern technique has been broadly
implemented. One of the limitations of most conventional Non Destructive Inspection
(NDI) techniques is their lack of sensitivity to relatively small concentrations of corrosion
products at the metal/coating interface. Ultrasonic test and eddy current inspection, two
of the most widely used NDI techniques in the Aerospace community, can be used to
detect relatively large amounts of material loss due to corrosion, but they do not meet the
objective of detecting corrosion under paint in its earliest stages. Another NDI technique,
flash thermography, has been shown to be effective for detection of corrosion under paint
at early stages, but it is relatively slow, open to operator interpretation, and labor-
intensive when compared to Infrared Reflectance Imaging Technique (IRRIT).

The IRRIT approach was successfully developed under a previous Government
contract managed by the Strategic Environmental Research and Development Program
(SERDP) Project PP-1137 under the Secretary of Defense Office with Northrop
Grumman Corporation (NGC) as the prime contractor. The technology exploits the
difference in infrared reflection properties between corroded and non-corroded metallic



surfaces. IR radiation from maintenance facility lights, the sun, or a low-wattage IR
heater illuminates the area to be observed. The IR passes directly through the coating and
then reflects off the metallic substrate back through the coating and into an IR camera.
Since the corroded areas do not reflect the IR energy as well as the non-corroded areas, a
picture or image is generated by the IR camera much the same as observing the corrosion
under standard visual techniques. This technology can be utilized as a tool to more
accurately assess aircraft coating system performance for purposes of service life
extension and corrosion management. Use of this inspection tool is projected to result in
significant DoD (Department of Defense) pollution mitigation.

1.2 Objectives of the Demonstration

The objective of the project was to demonstrate/validate (Dem/Val) the capability
of IRRIT to detect corrosion through aircraft coating systems as compared to visual
corrosion inspection. Applicable goals of the Dem/Val were as follows:

e Compare IRRIT with current visual inspection techniques to assess corrosion
through outer mold line (OML) coatings and gather data at NAVAIR Jacksonville
on P-3 aircraft.

e Compare IRRIT with current visual inspection techniques to assess corrosion
through inner mold line (IML) coatings and gather data at Oklahoma City Air
Logistics Center (OC-ALC) on KC-135 and B-52 aircraft.

e Prove the technique and determine cost/waste reductions from actual depot
maintenance operations.

e Show potential reduction in Hazardous Materials (HAZMATs) and VOC
emissions.

e Determine the reduction in cost to inspect and repair coatings due to reduction in
labor hours and flow/down times.

e (Collect and analyze data and develop recommendations for technology transfer.

1.3 Regulatory Drivers

The need to reduce pollution is driven by regulatory issues and government
policies. The National Emissions Standard for Hazardous Air Pollutants (NESHAP) has
been the principal compliance driver over the last decade for the aerospace industry, in
particular NESHAP 40 CFR Part 63. HAZMAT reduction is driven by the Clean Air Act
(CAA) and RCRA through Pollution Prevention (P2) efforts. Many P2 projects impact
both CAA and RCRA concurrently. Examples are:

e CAA: Solvent substitution replacing high vapor pressure solvents with
compliant, lower vapor pressure chemicals, utilizing non-VOC and/or non-HAP
solvents and coatings, powder coat applications vs. conventional coating, etc..

e RCRA: Reducing or eliminating toxic/corrosive/flammable/reactive waste
streams through material substitution, increasing recycling efforts for solid waste,
etc.

Both CAA and RCRA mandate either directly or indirectly that efforts to minimize
pollution be instituted. The CAA under the NESHAP 40 CFR Part 63 places such
restrictive limits on material use, that when considering the liability of using chemicals



that could potentially be used for non-compliant applications, material substitution has a
far greater appeal. When signing a Hazardous Waste Manifest, the generator declares
that they have a program in place to reduce the volume and toxicity of waste generated to
the degree determined to be economically practical. This minimizes the present and
future threat to human health and the environment.

The emission of chromium compounds has been reduced significantly under the
NESHAP regulation, which impacts most aircraft maintenance and rework facilities. This
regulation limits the amounts of air pollution such as toxic chromate that can be
generated for facilities such as NAVAIR Jacksonville and OC-ALC. NAVAIR
Jacksonville and OC-ALC follow Title V, which is the Air Operating Permit Issued by
State Department Environment of Protection. It is noted that Title V is one (1) of six (6)
in the CAA. Additionally many states require active pollution prevention programs with
set goals to eliminate pollution from maintenance operations within their states by law.
IRRIT will promote the reduction of the above environmental concerns.

1.4 Stakeholder/End-User Issues
The demonstrations validated that the technology can be used to detect corrosion

through coatings in a maintenance environment. The IRRIT will ascertain the current
condition and integrity of the OML and IML coating systems, for an engineering
disposition of required maintenance. It is anticipated this technique will lead to deferred
or reduced maintenance, for example interval shift, reduced maintenance by scuff
sanding and repainting or spot repair. Stakeholder decision making issues include the
ability to use the IRRIT inspection tool for establishing the following:

1. Criteria for stripping and repainting the entire aircraft

2. Criteria for local small spot strip and re-paint

3. Criteria for strip and re-paint of large local areas

4. Criteria for scuff, sand, and prime/topcoat if no corrosion is present under

coatings

The affected weapon systems may include the following aircraft:

Exterior Finish System (OML)—
e United States Coast Guard (USCG): All Aircraft
e United States Navy (USN): P-3, E-2, E-6, T-45, C-2, C-9, C-40
e United States Air Force (USAF): E-3, E-8, C-12, C-20, C-21, C-32, C-37,

VC-25, All USAF Trainer Aircraft

Interior Finish Systems (i.e., IML, Fuel Cell and Components) —
e USCG: All Aircraft
e USN: All Aircraft
e USAF: All Aircraft




2. TECHNOLOGY DESCRIPTION

2.1 Technology Development and Application
The technology developed in the SERDP Project PP-1137 as described in Section
2.1.1 is the base technology. Figure 2-1 illustrates the IRRIT system.

MWIR Camera

IR Tlluminators

Figure 2-1: IRRIT System

2.1.1 Infrared Reflectance Imaging Technique (IRRIT)

One way to detect corrosion products at the paint/metal interface is to use an optical
reflectance probe to detect changes in reflectance as a result of corrosion. Spectral
reflectance signatures may be used to detect the presence of various chemical species,
including corrosion products. An IR beam must be able to pass through the coating,
reflect from the metal surface, and pass back out through the coating. Coatings are
normally designed with pigment sizes tailored so that they are opaque in the visible
region of the spectrum (0.40 to 0.75 micrometer (um)), so they preclude using optical
techniques in the visible to “see” through the coating to the metal. However, the
scattering power of pigments is diminished as the probe wavelength becomes longer. For
many coatings, a spectral window opens in the near and mid-wave infrared (MWIR, 3-5
um) spectral regions. As a result, a correctly adjusted IR camera can simply see through
some paints (refer to Figure 2-2).



Coating/Primer

% % Substrate %

©Co o =

Visible
Wavelength o

f

0\O |
o/ O
nO

Infrared Radiation o
(IR) Wavelength

0.0
0o O
(o]

2 s 2

Figure 2-2: IR Wavelength versus Visible Wavelength

The IRRIT concept employs the use of IR focal plane technology coupled to
spectral filters to image the reflectance of large areas of an aircraft’s structure
simultaneously. Sensitive high-resolution IR focal plane cameras are already used to
obtain thermal images for use in thermography. IR cameras can be used to create an
image showing reflectance variations over a painted aluminum surface. Band pass filters
can be selected to match the paint transmission windows based on the spectral database
of paints and corrosion of metal surfaces.

Spectral imaging systems can be specially designed from commercial systems.
During the SERDP program, these systems were incorporated in a hand-held camera,
which produced images that were quickly downloaded to a computer for analysis. A
hand-held Merlin® IR Camera (FLIR Systems) system was used to inspect broad areas of
an aircraft fuselage, and with a change of lens, it was converted into a low power
magnifying system to obtain detailed assessments of corrosion.

There is a significant reduction in reflectance from a corroded substrate. By
identifying the ratio of the reflectance spectra of the painted clean aluminum to the
spectra of the painted corroded aluminum, a contrast enhancement technique was
developed. It was found that the corrosion signature in the paint transmission window
can be “seen” through this paint system with this camera. Figure 2-3 illustrates an IR
image with corrosion beneath the coating, note the corrosion and how it appears dark.
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Figure 2-3: Visible Image versus IR Image

Contrast is enhanced by rejecting IR reflection from the paint in the non-
transmitting regions. In principle, this is not unlike a technique known as IR
reflectography that is used to see the underlying canvas in paintings. However,
reflectography uses IR film or low sensitivity near-IR cameras that are inefficient in
penetrating the paint. In addition, reflectography is not a multi-spectral technique (no
rejection of non-transmitting spectral regions), and it does not have any sensitivity in the
mid-IR paint transmission region between 4 and 5 pm. Broadband IR radiation is used to
illuminate the painted part. The intensity of the illumination should be sufficient to
dominate the parts’ natural thermal emission at ambient temperature and in the spectral
range of interest. As a result of the investigation into paint and coating IR transmission
described above, a spectral filter, preferably cold (77 Kelvin [-321.07°F/-196°C], the
operating temperature of Indium Antimonide (InSb) Mid-IR camera focal plane), is used
to block out all IR light in the non-transmissive regions of the paint. In the non-
transmissive regions, light would only be reflected from the upper portion of the paint
layer and result in significantly reduced contrast in the final image.

The reasons for the ability of the IR spectral imaging technique to see through
layers of paint include a reduction in diffuse scattering at the longer wavelengths, and the
high sensitivity and dynamic range of today’s commercial IR cameras. Scattering, which
is the physical scattering of light by objects or pigments, is significantly reduced when
the wavelength is increased by an order of magnitude (0.50 to 5.0 um). This is because
the wavelength becomes much larger than the physical size of the pigment particles. The
paint transitions from being a diffuse scatterer in the visible region into a transparent
“clear coat” in the mid IR. That is why so much surface detail can be resolved in the
images. In addition, these cameras are normally used for thermal imaging where small
differences in temperature need to be measured. This translates into a high sensitivity for
small differences in reflectance for the spectral imaging technique. For thicker paint
coatings with low contrast between corroded and un-corroded areas, there will be a small
difference in reflectance in the painted panel between the two areas. A sensitive IR



camera can image a surface with low contrast. High fidelity images of the substrate can
be imaged through certain commercial and military paint systems (up to 10 mils) with
available commercial MWIR camera systems outfitted with spectral filters.

2.1.2 IR Blackbody Technique

Another technique utilizing the same Merlin® MWIR camera to detect corrosion
under coatings involves the use of IR radiation which emanates directly from the part
itself without the need of external heaters to provide IR energy. In this case, the IR
radiation is emitted from the part’s surface in the form of blackbody radiation, which
penetrates out through the coating and is imaged by the IR camera. The advantage to the
blackbody method is that external illuminators are not needed and that the energy only
has to pass through the coating once. The major difference between the two approaches is
that the part itself becomes the illuminator. In the case of blackbody radiation, the
corrosion actually emits more IR radiation than the uncorroded surface and hence,
corrosion shows up as a lighter (hotter) area then the uncorroded area. This is just the
opposite from the IR reflectance method that indicates corrosion as a dark area when
imaged with the Merlin® MWIR camera.

2.1.3 IRRIT versus IR Blackbody

It is important to understand the image differences between IR reflectance and the
blackbody modes. Figure 2-4 (A) is a standard visible light image of a painted corroded
aluminum panel illustrating exposed corrosion on the left hand side with the right side
being corrosion that has been painted with epoxy primer and gloss urethane color insignia
white. The corrosion can not be seen under the coating, except when observed with IR as
illustrated in Figure 2-4 (B and C).

Figure 2-4 (B and C) illustrates the primary observable difference between the IR
Reflectance and the Blackbody Modes when detected in the Merlin® MWIR camera.

In the reflectance mode, as illustrated in Figure 2-4 (B), the observed corrosion is
denoted by the dark areas while in the case of the Blackbody Mode the observed
corrosion is white.



Visible Image

e e 0 (R Sl

Corrosion Indicated by the Dark Areas in the Corrosion Indicated by the Light Areas in the
IR Reflectance Mode IR Blackbody Mode

Figure 2-4: IR Reflectance versus IR Blackbody

Comparing both Figure 2-4 (B and C) and superimposing them over each other, it
can be clearly seen that the dark patterns match the light corrosion patterns in the
respective figures. These facts lead to an interesting possibility that if the IR heat flux of
the corroded areas equals the IR heat flux of the non-corroded areas, the corrosion will
not be observable and hence the corrosion would not be detected through the coating. In
fact, this is a distinct possibility that could be encountered in the field by the camera
operator. Such a scenario could occur while using the IR camera system in the IR
reflectance mode. For example, a hot metallic aircraft structure would emit IR energy in
the blackbody mode with the corrosion appearing light such as in Figure 2-4 (C). If an IR
reflectance method using IR illuminators is employed the corrosion will appear dark, as
previously demonstrated, provided the corrosion area does not emit more energy than the
background in reflection. The potential issue is that if the illuminators do not provide
enough IR flux to be reflected from the non-corroded background, this background will
appear darker provided the blackbody mode dominates the IR reflectance mode. The
corroded area may appear to be the same with respect to the background brightness or the
corroded area in the IR reflectance mode would emit energy in the blackbody equal to the
energy being reflected by the IR reflectance heaters in the non-corroded area. This would
create a condition of zero contrast and hence no corrosion will be observed by the IR



camera operator. This condition is obviously not acceptable with respect to the
demonstration and validation of the equipment to the end user. A laboratory study using a
controlled temperature protocol was conducted to address this issue and determine the
actual parameters required to eliminate this possibility (refer to Appendix E.7). This
study concluded that if this scenario was to occur, a solution would be to increase the IR
heat flux that is emitted from the IR illuminators, thus overpowering the blackbody
effect.

2.2 Previous Testing of the Technology

Significant prior testing of the IRRIT technology occurred under the SERDP
Project 1137 by NGC. The testing protocol and results of the testing can be found in the
Final Report, “Non Destructive Testing of Corrosion Under Coatings,” September 2004.

The objective of SERDP Project 1137 was to research and develop nondestructive
inspection techniques to locate hidden corrosion on aircraft surfaces without requiring
removal of the coating. The most promising corrosion inspection method studied under
the SERDP contract was the IRRIT. The SERDP Project 1137 Final Report describes
progress made for years 1999 through 2004 for Corrosion Detection and Standards
Development.

2.3 Factors Affecting Cost and Performance
The primary factors that affect cost and performance are listed in Table 2-1, below.

Table 2-1: Cost and Performance Factors
Cost Factors
Deferred or reduced magnitude of aircraft corrosion maintenance
Environmental, Health, and Safety (EHS) issues (e.g., wastewater,
hazardous waste, VOCs, chrome paint use)
3. Capital Costs

N —

Performance Factors
Coating type, composition and IR transmission
Coating thickness
3. Climate conditions (e.g., temperature, humidity)
Cost and Performance

N —

1. Inspection/Scan rate
2. Detection threshold and sensitivity
3. Labor

2.4 Advantages and Limitations of the Technology

2.4.1 Comparison to NDI Technologies

Some of the advantages and limitations of the IRRIT technology and a comparison
between other corrosion inspection techniques are illustrated in Table 2-2. In Table 2-2,
IRRIT and the visual inspection alternative (both shaded gray) are the two alternatives
directly compared against each other during the Dem/Val. Reviewing the table illustrates



that the IRRIT is competitive with the alternate methods of detecting corrosion under
coatings. As described in the comments column, the IRRIT can quickly generate real
time images comparable to a visual inspection of a stripped surface. Analysis of the
images requires the same skill set as that required for a visual determination of corrosion
damage. This differs from most other NDI systems, which produce non-visual data
requiring interpretation.

A variety of nondestructive methods have been evaluated for detection of corrosion
under paint, but no modern technique has been implemented. One of the limitations of
most conventional NDI techniques is their lack of sensitivity to relatively small
concentrations of corrosion products at the metal/coating interface. Ultrasonic test and
eddy current inspection, two of the most widely used NDI techniques in the aerospace
community, can be used to detect relatively large amounts of material loss due to
corrosion, but they do not meet the objective of detecting corrosion under paint in its
earliest stages.

Table 2-2: Inspection Method Comparisons

. Time to conduct . Near Surface
Inspection . Skill .
Method corros;on survey for a Level System Cost Detection Comments
10 ft” surface area Sensitivity Level
. 4 hrs . Medium Low to very poor on Interpretation
Ultrasonic Set up time =1 hr. High 30K to 100K surfaces Issues
Eddy Current, 1hr Hich Medium Low, but problems Interpretation
Conventional Set up time =0.5 hr. g 45K to 100K | with fasteners/joints Issues/problems
MOI (Eddy 30 min Low Interpretation
Current) Set up time = 0.5 hr. Med. 25K Low Issues
1hr High/ High . Images require
Thermography Set up time = 2 hrs. Med. 150K+ High Interpretation
Health Issues
4 hrs . High/Medium .
X-Ray Set up time = 2 hrs. High 50K to 125K Medium Work area must be
cleared of personnel
Medium, but issues Edge Effects,
Microwave 1 hr High Low with Interpretation
Set up time = 0.25 hr. g 5K to 10K . . P
Fasteners / joints Problems
IR Reflectance 15 min Low/ Medium Hiah Ezasl -It—(')”;?]tlen:agii’
(IRRIT) Set up time =0.5 hr. | Med. 70K g y East P
Visual 10 min Low . .
s iton Sty e = (05 e Med. 5K Medium Interpretation Issues

*Unique to IRRIT: Lowest projected labor times and rates needed for cost effective corrosion surveys. Easiest technique to interpret because of real time
images with highest fidelity of all systems compared. Note: Set up times vary, depending on standards to be checked, equipment warm up, and calibration.



2.4.2 Coating System Limiting Factors
The following table illustrates coating systems that were tested with the IRRIT. In
general, MWIR (3-5 micrometers) cameras are capable of imaging through typical
organic coatings applied to proper military specification thicknesses. It should be noted
that IR transmission is dependent on coating type and thickness. Also, although details
are given in Table 2-3 to specific coatings and manufacturers, the IRRIT technology is
not limited to these specific products. This table documents what coatings have been
tested and either showed MWIR transmission success or failure. Typical aircraft OML
and IML coating systems allow significant MWIR transmission. IRRIT failed to image
through low IR primer, CARC coatings, polysulfide sealants, and metal filled coatings.

Table 2-3: Paint and Coating Systems Tested with IRRIT

Type Specification Color # (FED-STD-595) Manufacturer | Part #
Pretreatment — Chemical . Turco Alumigold or
Sl on Camit MIL-C-81706 Class 1A Not Applicable Alodine 600
CPC BMS 3-35 Not Applicable Zip-Chem Cor-Ban 35
WAILER 22 ggigsype iy Not Applicable Deft 02-Y-40A
MIL-P-85582 Type I, Class C1 Not Applicable Deft 44-GN-7
: MIL-P-85582 Type I, Class N :
Epoxy Primer (Candidate) Not Applicable Deft 44-GN-098
MIL-P-85582 Type I, Class C2 Not Applicable Deft 44-GN-072
TT-P-2760 Type I .
Class C Not Applicable Deft 09-Y-002
S"lventi,i‘r’nrgf R MIL-P-23377 Type I Class C Not Applicable PRC DeSoto EEAYO051A
Polyurethane Topcoat MIL-PRF-85285 Type I Gloss Gray 16440 Hentzen 04644AUX-3
Polyurethane Topcoat MIL-PRF-85285 Type I Gloss White 17925 Deft 03-W-127A
High S"llTC:fpigLyt“retha“e MIL-PRF-85285 Type I Flat Gray 36293 Deft 03-GY-322
High Solids Epoxy Primer BMS 10-79 Not Applicable Akzo Nobel 10P20-44
: L i NSN: AD32-47-300-0354
BAMSS565-09 Type I Class A . Eclipse ECL-G-46
Polyurethane Topcoat Grade B Coast Guard Gloss White Akzo Nobel NSN: AD32-47-300-0446
Eclipse ECL-G-6615
Polyurethane Topcoat BMS 10-79 Coast Guard Gloss Orange Akzo Nobel NSN: AD32-47-300-3655
Fluid Resistant Epoxy MIL-PRF-22750 Gloss White 17925 Deft 01-W-081
Topcoat
Fuel Tank Coating AMS-C-27725 Not Applicable PRC DeSoto 825X309
Flat Gray 36173 Deft 99-GY-001
Flat Gray 36118 Deft 99-GY-13
APC Pol thane T t MIL-PRF-85285 T I
SRR QEe0e i Flat Gray 36375 Deft 99-GY-003
Gloss White 17925 Deft 99-GY-009

Green Shading = IRRIT had success with this coating when applied up to 2-3 times proper military specification
Orange Shading = IRRIT had success only when this coating applied to proper military specification thickness
Red Shading = IRRIT had no success imaging through coating
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3. DEMONSTRATION DESIGN

3.1 Performance Objectives
The main performance objective of this demonstration is to identify corrosion

under coatings with the IRRIT technology. The performance objectives for this project

can be found in Table 3-1.

Table 3-1: Performance Objectives

Type of Primary Expected
Actual
Performance Performance Performance Performance
Objective Criteria (Metric)
Higher Level of Accuracy
Quantitative 1. Prodpct W/IRR.IT Regarding Corrosion Per.for.mance
Testing Detection, as Compared to Criteria Met
Visual Inspection.
Projected Reduction of VOC,
HAP, and HAZMAT (by
Quantitative 2. Hazarflous deferﬁng mainteqance) ‘ Per.for‘mance
Materials Pollution Prevention Savings Criteria Met
Resulting from Reduced
Maintenance
Projected Reduction of VOC,
HAP, and HAZMAT (by
deferring maintenance) Performance
Quantitative 3. Process Waste | Pollution Prevention Savings o
. Criteria Met
Resulting from Reduced
Maintenance. No known process
waste generated.
Scan Rate w/IRRIT will Not
Interfere w/Current
4. Factors Maintenance Flow Process
s Affectin Complimentary Tool to Visual Performance
Quantitative Technol(%gy %nspecl:)tion) chl Rate of Criteria Met
Performance | Dem/Val (Surface Area

Inspected) Enhanced Condition
Based Assessment




3.2 Selecting Test Platforms/Facilities

Two facilities were chosen to Dem/Val the IRRIT technology. The NAVAIR
Jacksonville, FL, facility was chosen to Dem/Val the IRRIT on an aircraft OML. The
OC-ALC facility was selected to Dem/Val the IRRIT on an aircraft IML. Army ground
vehicles were considered, but were rejected, due to the inability of the IRRIT to image
through the Chemical Agent Resistant Coating (CARC) system (refer to Table 2-3 and
Appendix E.5).

3.2.1 NAVAIR Jacksonville, P-3 OML

The P-3 aircraft maintained at NAVAIR Jacksonville, FL were selected as the
OML is corrosion prone and the IR characteristics of the current paint system lend itself
to successful demonstration of the IRRIT. The P-3 operates in a maritime environment
that exposes the aircraft to severe corrosive conditions. The aircraft, when not on patrol,
are also stationed in a maritime environment. High corrosion areas on the P-3 aircraft
were targeted during the Dem/Val based on the past history of P-3 corrosion surveys and
maintenance records. The P-3 aircraft uses standard military coatings and finishes.

Corrosion inspection currently consists of visual inspections. Chemical stripping of
the aircraft (Figure 3-1) occurs on set intervals regardless of the corrosion findings. It was
the goal of this project to demonstrate that the IRRIT can successfully identify the surface
condition beneath the paint.

Mr. John Benfer, PI for this ESTCP program is the Senior Corrosion Engineer at
NAVAIR Jacksonville. Mr. Paul Kenny, the Senior NDI Engineer at NAVAIR
Jacksonville, works with Mr. Benfer in the process of investigating the potential
incorporation of IR systems into various NAVAIR process streams.

’/,’.I.’!!r'l:’x';f’trfllﬁlﬂlfﬂll | ”ﬁr}-z j‘. [ - | —
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Flgure 3- 1 Palnt Removed from P-3 Alrcraft byChemlcal Paint Stripping
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3.2.2 OC-ALC, KC-135 IML and B-52 IML

The KC-135 and B-52 aircraft maintained at OC-ALC were selected for a number
of reasons, primarily, both models are aging (some aircraft are up to forty years old),
aircraft availability, and the opportunity to Dem/Val the IRRIT on IMLs. Since the
IRRIT system had already been demonstrated on the exterior of the P-3 aircraft and some
limitations were identified with thicker OML coatings, it was decided that IRRIT would
next be evaluated on IMLs. IML inspections allowed an additional data set for IRRIT
inspections on complex surfaces and geometries. If one can reduce/prevent IML
corrosion by early detection then serious structural damage can be potentially avoided.
After a preliminary inspection, it was confirmed that the KC-135 IML (refer to Figure
3-2) and B-52 IML were suitable for Dem/Val.

KC-135 and B-52 lead maintenance engineers expressed a high degree of interest in
the IRRIT technology due to potential labor and maintenance cost savings. Ms. Hoang
Nguyen, the engineer in charge of B-52 maintenance, showed interest due to the fact that
areas of the B-52 IML are coated with a chromated primer. Some of these chromated
areas have been stripped and replaced during required fleet-wide inspections, which
might have been avoided through use of the IRRIT. Mr. Steve West and Mr. Jeff Catron,
senior NDI engineers at OC-ALC, also showed interest in the implementation of IR
systems, and supported the selection of the KC-135 as a target for the Dem/Val.
Currently, the KC-135 IML corrosion inspection technique consists of visual and eddy
current inspections of structurally critical areas. Incorporating IRRIT could reduce the
amount of paint stripping required.

Figure 3-2: Typical KC-135 IML
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3.3 Test Platform/Facility History/Characteristics
A description of the facilities and the platforms selected to Dem/Val the technology
are as follows:

3.3.1 NAVAIR Jacksonville, P-3 OML

The facility chosen for the OML Dem/Val was NAVAIR Jacksonville, Florida.
Since its establishment in 1940, the production shops have maintained almost every type
of Navy aircraft - fighter and attack planes, patrol, antisubmarine, reconnaissance,
transport, trainer, special configuration, and helicopters. The overall workload has
expanded to include the rework of engines, components and ground support equipment,
plus other support functions vital to the Fleet.

Continual change and improvement have characterized the Depot's history.
NAVAIR Jacksonville occupies 54 buildings on over 102 acres with several offsite
locations as well and returns over $219 million in payroll to the Jacksonville economic
community. The Depot is an industrial leader in the region and one of three modern
industrial facilities commissioned by the Navy to perform in-depth maintenance, repair,
overhaul and modification of fleet aircraft, engines, and aeronautical components. Other
Navy depot facilities exist; examples are NAVAIR Cherry Point, NC, and North Island,
CA. Similar facilities exist within the Air Force, as well as the Army.

The platform chosen for the OML Dem/Val was the P-3 Orion Aircraft. This
aircraft is a four-engine turboprop anti-submarine and maritime surveillance aircraft. The
P-3 was originally designed as a land-based, long-range, Anti-Submarine Warfare (ASW)
patrol aircraft, the P-3s mission has evolved in the late 1990s and early 21st century to
include surveillance of the battle space, either at sea or over land. Its long range and long
loiter time have proved to be invaluable assets during Operation Iraqi Freedom as it can
view the battle space and instantaneously provide that information to ground troops,
especially U.S. Marines.

The P-3 has advanced submarine detection sensors such as Directional Frequency
and Ranging (DIFAR) sonobuoys and Magnetic Anomaly Detection (MAD) equipment.
The avionics system is integrated by a general purpose digital computer that supports all
of the tactical displays, monitors and automatically launches ordnance and provides flight
information to the pilots. In addition, the system coordinates navigation information and
accepts sensor data inputs for tactical display and storage. The P-3 can carry a mixed
payload of weapons internally and on wing pylons.

The aircraft is constructed of conventional aluminum typical of structures designed
in the 1960’s. It consists of 2024-T3 (OML) and 7075-T6 (Wings), and typical aerospace
coatings. The overall surface area of the P-3 is approximately 6,500 ft*. The P-3 fuselage
has a radius of 68 inches that begins to taper at Fuselage Station (FS) 901 to a radius of
48 inches at FS 1117. The P-3 OML uses standard coatings consisting of MIL-C-5541
chemical film treatment, MIL-PRF-85582 Type I epoxy primer (Deft Primer Part No. 44-



GN-7), and MIL-PRF-85285 Type I polyurethane topcoat (Hentzen, Federal Standard
Color No. 16440).

3.3.2 OC-ALC, KC-135 IML and B-52 IML

The facility chosen for the IML Dem/Val was OC-ALC. OC-ALC, located at
Tinker Air Force Base (TAFB), was founded in 1941 (as the Oklahoma City Air Material
Area, OC-AMA) when the War Department sought to establish an aircraft maintenance
depot in the central U.S. OC-ALC was soon tasked to repair B-17s and B-24 bombers in
World War II, and fitted out B-29 bombers. OC-ALC subsequently supported all major
conflicts in which the U.S. was engaged. The facility was renamed OC-ALC in 1974.

OC-ALC maintains a wide range of aircraft (over 2000 in a multitude of models)
for all U.S. Armed Services. It is the premier aircraft engine maintenance facility in the
U.S. Department of Defense, servicing jet engines dating from the Korean War to the
most modern stealth aircraft engines and is responsible for managing some 23,000
engines throughout the DoD. Maintenance is not limited to engines — airframe and
avionics maintenance are part of OC-ALC’s duties. Airframe maintenance, which
requires substantial paint stripping for corrosion detection and thus drives IRRIT interest
in OC-ALC.

The platforms chosen for the IML Dem/Val were the KC-135 Stratotanker and the
B-52 Stratofortress.

The KC-135 Stratotanker, introduced to service in 1956, is based on the Boeing
367-80 prototype (the “Dash-80” that also led to the famous Boeing 707.) The last KC-
135 was delivered to USAF service in 1965, indicative of the age of all KC-135s in
service. The most notable function of the KC-135 is aerial refueling of other U.S. military
aircraft, extending their ranges significantly. However, the KC-135 may also transport up
to 83,000 pounds of cargo in its voluminous interior. Through the years, the KC-135 has
been altered to do other jobs ranging from flying command post missions (including the
EC-135C “Looking Glass”) to reconnaissance. Because of the cancellation of the KC-767
program, the KC-135 will remain in service and likely be upgraded in coming decades,
making detection of corrosion on these aging airframes more critical.

The B-52 Stratofortress was conceived as an intercontinental bomber and was
introduced in 1954. A total of 744 B-52s were built, with the last delivered in 1962,
making all B-52s in excess of forty-five years old. Over the years, the B-52s have been
modified substantially from their original role as high-altitude nuclear bombers. B-52s
can now carry in excess of one hundred conventional bombs, operate at “treetop” in
ground-hugging flight, may utilize a wide range of weapons (from simple free-fall bombs
to cruise missiles), are the most economical of the U.S.’s heavy bombers, and boast the
highest combat readiness rate of U.S. heavy bombers (80% readiness, vs. 57% for the B-1
and 40% for the B-2). For these reasons, the USAF plans to keep the B-52 in service until
the year 2040, with associated maintenance concerns for aircraft that will eventually be
older than the retirement age of their crews.



The KC-135 IML includes standard aircraft coatings. Consisting of chemical film
treatment MIL-C-5541, epoxy primer MIL-PRF-23377, and a corrosion preventative
compound (CPC). The B-52 IML bomb bay area includes the same coating system as the
KC-135 IML with the addition of MIL-PRF-85285 topcoat.

3.4 Present Operations
Current corrosion inspection processes at NAVAIR Jacksonville and OC-ALC are
as follows:

3.4.1 NAVAIR Jacksonville, P-3 OML

Current NAVAIR Jacksonville, operations require the P-3 aircraft to be stripped of
organic coating for the purpose of OML corrosion inspections, approximately every 4
years. After coating removal, the OML or exterior of the aircraft is inspected by visual
means for corrosion. Corrosion is then removed and then repainted in accordance with
the Local Process Specification (LPS 650). Waste streams are summarized in a baseline
process flow diagram (refer to Figure 5-1 in Section 5). Refinishing of the P-3 is a major
cost driver, which involves material cost, labor costs, and disposal costs associated with
the RCRA waste.

3.4.2 OC-ALC, KC-135 IML and B-52 IML

Current OC-ALC operations require the IML of B-52 and KC-135 aircraft to be
stripped of coatings on an as-required basis for the purpose of IML corrosion inspections.
In the most recent example cited, B-52s bomb bay longerons were stripped of their paint
during depot maintenance visits until every B-52 in the fleet had been stripped and
inspected. Similarly, 48 KC-135s pass through OC-ALC annually and the IML is
selectively stripped in areas requiring maintenance at each induction.

3.5 Pre-Demonstration Testing and Analysis

No current practice can be used to obtain baseline data for rapidly imaging
corrosion through paint. Therefore to further define the technology to be demonstrated,
optimization/baseline testing (refer to Section 3.5.1), and mini field demonstrations (refer
to Sections 3.5.2, 3.5.3, 3.5.4, and 3.5.5) have been accomplished prior to the Dem/Val.
Mini field demonstrations were conducted to further refine the technology and the
operation of the system. These entailed optimization/baseline testing and taking the
camera system into the field to conduct data collection and assessments. The details of
these field measurements are contained in Section 3.5.2, 3.5.3, 3.5.4, 3.5.5, and Appendix
B. The results of the optimization/baseline testing are summarized in Appendix E.

3.5.1 Pre-Demonstration Optimization/Baseline Testing
A summary of the optimization/baseline testing consists of the following:
¢ Field of View (FOV) and Resolution Study
e (Coating Types and Thicknesses
e Part Contour and Geometry
¢ Dust, Dirt, Oils/Grease (operational Fluids)



Illumination Method

Image Processing

Ergonomics

Thickness, Temperature, [llumination and Software

This optimization/baseline test plan has been included as Appendix D. A number
of test specimens were created to simulate these potential variables identified above.
These test specimens used alloys, surface preparations, and coatings that are
representative of the demonstration aircraft. The results of the optimization/baseline
testing and laboratory testing can be found in Appendix E. Supplemental evaluation of
commonly used aircraft coatings can be found in Appendix L.

3.5.2 A-10 Mini Demonstration

A mini-demonstration was held at Hill Air Force Base (HAFB) in Ogden, UT in
March 2005 utilizing the IRRIT. It was shown with this demonstration that corrosion
could be detected in areas not readily observable without the aid of this IR inspection
tool. Current practice was to visually inspect the coatings for indications of corrosion,
prior to rework of the corrosion. It was demonstrated that HAFB had the potential to
visually “miss” corrosion not readily observable on the surface of the coating, and in fact
this was the case. IR photographs that were taken clearly demonstrated that corrosion was
visible under the coating and not on the surface (refer to Figure 3-3). If not properly
maintained in a timely manner this would result in additional corrosion and more
pollution (refer to Figure 3-4).

Visible Image

A-10 Fuel Cell

T

T e——

Visible Image IR Image

Machine Marks on
Fastener Head

Visible Image

IR Image Visible Ims{ge - IR Image

Filiform Corrosion Filiform Corrosion

Figure 3-3: A-10 Fuel Cell - IR Images
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Severe corrosion that could have been detected
and repaired earlier, thus avoiding extensive
maintenance work.

- - i

Figure 3-4: Severe Corrosion in A-10 Fuel Cell IML
3.5.3 Fort Bragg, NC, Pre-Demonstration Planning
Two trips were made to the Fort Bragg, NC Army Facility during January and May
2005. These trips explored the potential of doing a Dem/Val at Fort Bragg on Army
ground vehicles, Family of Medium Tactical Vehicles (FMTV). However, laboratory
testing concluded that the CARC did not allow for sufficient MWIR transmission (refer
to Appendix E.5), thus the project was redirected to USAF IML coating systems.

3.5.4 US Coast Guard Mini Demonstration

A mini-demonstration was held at the Sandia Federal Aviation Administration
(FAA) NDI Validation Center facility in Albuquerque, NM in July 2005. A US Coast
Guard (USCG) aircraft, HU-25 was inspected using the IRRIT system (refer to Figure
3-5).

The USCG Aging Aircraft Branch (AAB) at the Aircraft Repair and Supply Center,
Elizabeth City, NC, has been an active participant in a cross service program that
includes corrosion detection under aircraft coatings. USCG AAB arranged for a HU-25
aircraft (tail # 2103) to be used for the USCG mini demonstration. The contact at the NDI
validation center was Mr. David Moore. The Sandia Facility was tasked to evaluate the
paint thickness of aircraft to verify the measurements are representative of USCG
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aircraft. The paint thickness of this aircraft was in the medium average range of 8-11 mils
with some areas of 6 mils and other areas of 13 mils, but for the most part between 8-11
mils. This aircraft is a good representation of the USCG HU-25 air vehicle fleet.
Attendees/participants included Mr. John Benfer (NAVAIR Jacksonville), Mr. John
Speers (WP-AFB), Mr. David Allen (ASM Management), Mr. Rusty Waldrop (USCG
AAB), and Mr. Sam Benavides (USCG AAB), Mr. John Weir, Mr. Steven Chu, and Mr.
Dennis Leyble, all of NGC.

The initial concerns over the ability to detect corrosion under coatings were paint
thickness and the ability to detect the reflectance properties of the corrosion with a gloss
topcoat applied. High gloss paint degrades the MWIR contrast due to less flux reaching
the substrate.

The team detected several areas that appeared with a reflectance signature
indicative of surface corrosion. These areas were marked and organized. The marked
areas, while painted, demonstrated no signs of visual corrosion indicators. A Sandia
representative, Joe Dimambro, performed thermography with the ThermoScope II™ on
specific locations previously marked out by the IRRIT scan. Paint stripping and visual
inspection of the bare surfaces validated the IRRIT corrosion reports.

The IRRIT demonstrated the ability to detect corrosion under the HU-25 paint
scheme of cross section thickness between 8-10 mils. This was successful, despite the
relatively thick coatings and glossy paint scheme of the aircraft. The camera was easy to
use, lightweight, and demonstrated enhanced capability as compared to visual inspection
and flash thermography.
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USCG HU-25 Upper Wing (Right Side)

Paint Thickness in this
Zone =~6.3 mils

v

Vizible Image - Painted IE Image - Fainted Wisible Image — Stripped IF. Image - Stripped

Note: Several corroded areas were found while checking the scan rate on this region, all corroded
areas found via the IRRIT were confirmed by chemically stripping.

Figure 3-5: USCG HU-25 - IR Images

3.5.5 Warner Robins Air Logistics Center (WR-ALC), Pre-Demonstration

One site visit was made to WR-ALC in October 2005 to explore the potential of
doing an additional OML Dem/Val on the C-130 or C-17 aircrafts (refer to Appendix
B.2). An IRRIT inspection of selected C-130 and C-17 aircraft at WR-ALC was
accomplished. However, the results indicated reduced inspection capability. This
reduced capability to image through these coatings may be the result of the type of primer
and/or the specific color of topcoat used by the USAF on OML applications as compared
to the Navy. This trip resulted in an investigation of free-standing films based on typical
USAF OML paint schemes by FTIR transmission analysis.

The FTIR transmission analysis of the free-standing films proved that insufficient
MWIR is transmitted through the USAF OML paint schemes (refer to Appendix E.3).
This led to redirecting the USAF OML effort to USAF IML at OC-ALC and the
feasibility of using the KC-135 IML and B-52 IML as candidate aircraft for IRRIT
inspection.

3.5.6 Summation of Pre-Demonstration Testing and Analysis

In summary, the pre-demonstration testing confirmed the ability to effectively use
the IRRIT to successfully detect corrosion through typical aircraft coatings. This testing
also defined the operating envelope of the IRRIT system primarily related to coating
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thickness, color, IR illumination, and transmissibility (refer to Appendix B). The
optimization/baseline testing characterized the IRRIT system parameters; whereas the
field pre-demonstration visits resolved operational issues. Improvements made during
pre-demonstration testing confirmed the system was ready for a depot/production
Dem/Val, concurrent with existing production processes.

3.6 Testing and Evaluation Plan

3.6.1 Demonstration Set-Up and Start-Up

The Dem/Vals took place at NAVAIR Jacksonville and OC-ALC. Equipment (refer
to Figure 3-6) was manually transported to aircraft depot location, utilizing two travel
containers. The IRRIT system was set-up every day (refer to Appendix A for the Merlin®
camera procedures) and tested/calibrated to ensure the system was functioning properly
prior to use. Calibration involved the use of a “1951 USAF Glass Slide Resolution
Target” coated with the same coating system as the P-3 aircraft. This standard ensured
the IRRIT system was operating and functioning properly. For safety protection purposes
(of equipment and personnel), the system had a surge-protected 110V power and Ground
Fault Interrupt Circuit (GFIC). Operation of the IRRIT system and all Dem/Val activities
occurred on a non-interference basis.

The IR Merlin® Camera is manufactured and serviced by FLIR/Indigo in Goleta,
California. In the unlikely event that the camera was damaged, the camera would have
been sent back for repair to FLIR. NGC also had two backup Merlin® cameras and
accessories that could have been used to continue the Dem/Val. If the lens of the camera
had become dirty or greasy, NGC would clean the lens with Isopropyl Alcohol (IPA) in
accordance with FLIR/Indigo recommended procedure for cleaning the lens.

A = MWIR Camera

B = MWIR Camera Lens (13mm Lens)
C = LCD — for IRRIT Inspector/Operator
D = IR Dluminators

E = Cable includes MWIR Camera, IR Oluminator, LCD
Power Supplies and S-Video Qutput
F = LCD — for IRRIT Data Acquisition Support Operator

G =IR Hluminator Power Supply

H = IR Digital Data Storage (Output of the MWIR Camera -
Still IR Images and IR Video, i.e., Sony HandyCam)

Figure 3-6: IRRIT System Schematic
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3.6.2 Period of Operation

The dates and duration of each phase for both the OML and IML Dem/Vals are

found in the following Gantt charts.

Task Name

Navy P-3 Dem/Val: Outer Mold Line (OML)

P-3 12" Wing Section (OMLY): Visual Inspection (Primer + Topcoat)
P-3 4912 Wing Section (OMLY): IRRIT Inspection (Primer + Topcoat)
P-3 "#912" Wing Section (OMLY): Visual Inspection (Post Chemical Strip)
P-3 "#012" Wing Section (OML): IRRIT Inspection (Post Chemical Strip)
P-3 12" Wing Section (OMLY): Visual Inspection (Flash Primer)
P-3 912" Wing Section (OMLY): IRRIT Inspection (Flash Primer)
P-3 "#912" Fuselage Section (OML): Visual Inspection (Primer + Topcoat)
P-3 "#012" Fuselage Section (OML): IRRIT Inspection (Primer + Topcoat)
P-3 "1 2" Fuselage Section (OML): Visual Inspection (Post Chemical Strip)
P-3 012" Fuselage Section (OML): IRRIT Inspection (Post Chemical Strip)
P-3 "#912" Fuselage Section (OML): Visual Inspection (Flash Primer)

" Fuselage Section (OML): IRRIT Inspection (Flash Primer)

" Wing Section (OMLY): Visual Inspection (Primer + Topcoat)

" Wing Section (OML): IRRIT Inspection (Primer + Topcoat)

Wing Section (OML): Visual Inspection (Post Chemical Strip)
" Wing Section (OML): IRRIT Inspection (Post Chemical Strip)

Start

Tue 27106 |

Tue 2/7/06
Tue 2/7/06
Fri 210/06
Fri 2/10/06
Mon 5/8/06
Mon 5/8106
Tue 27106
Tue 2/7/06
Fri 2/10/06
Fri 2/10/06
Mon 5/8106
Mon 5/8/06
Sat 5/6/06
Sal 3/6/06

Wed 5/10/06
Wed 5/10/06

Finish

Wed 51006

Tue 27106 |
Tue 27406 |
Fri 2/10/06 |
Fri 2/10/06 |

Eem__ber 11

1 [March 21
M| 219 |

4/9

27
b
L.L 210

Mon 5/8106 |

Mon 5/8/06
Tue 2706
Tue 2/7106

Fri 2/10/06 |
Fri 2/10/06 |
Mon 5/8/06 |
Mon 5/806 |
Sat 5/6/06 |
Sat 3/6/06 |
Wed 51006 |
Wed 51006 |

Figure 3-7: Gantt Chart for Navy P-3 OML Dem/Val

Task Name

[ USAF KC-135 and B-52 Dem/Val: Inner Mold Line (IML)

| KC-135 "#1" Bulkheads (IML): IRRIT Inspection
KC-135 "#1" Bulkheads (IML): Spot Strip Localized Areas
KC-135 "#1" Bulkheads (IML): Visual Inspection of Localized Areas
KC-135 "#2" Bulkheads (IML): IRRIT Inspection

KC-135"#3" Port Wing Spar: IRRIT Inspection

B-52 "#1" Bomb Bay Longerons (IML): [RRIT Inspection

B-52 "#1" Bomb Bay Longerons (IML): Spot Strip Localized Areas

B-52 "#1" Bomb Bay Longerons (IML): Visual Inspection of Localized Areas
B-52 "#2" Bomb Bay Longerons (IML): [RRIT Inspection

B-52 "#2" Bomb Bay Longerons (IML): Spot Strip Localized Arcas

B-52"#2" Bomb Bay Longerons (IML): Visual Inspection of Localized Areas

Start

Mon 10/23/06
Mon 10/23/06
Tue 10/24/06
Tue 10/24/06
Wed 10/25/06
Thu 10/26/06
Tue 10/24/06
Wed 10/25/06
Wed 10/25/06
Wed 10/25/06
Thu 10/26/06
Thu 10/26/06

Finish

Thu 10/26/06
Mon 10/23/06
Tue 10/24/06
Tue 10/24/06
Wed 10/25/06
Thu 10/26/06
Tue 10/24/06
Wed 10/25/06
Wed 10/25/06
Wed 10/25/06
Thu 1(0/26/06
Thu 1(0/26/06

i_

:O_c‘.{'ober 1i_
o3 | 10722
w
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[po- 10724
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10724
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Figure 3-8: Gantt Chart for USAF KC-135 + B-52 IML Dem/Val

3.6.3 Surface Area Inspected

For the Navy OML Dem/Val, a random sampling of two P-3 aircraft with standard
paint schemes were used to demonstrate and validate the IRRIT, which resulted in a total
of 300 square feet of P-3 surface area inspected with the IRRIT (refer to Appendix F).
The 300 square feet encompassed 200 square feet from the first P-3 (Tail # 912, Bureau
Number (BUNO) 158912) wing and fuselage sections (100 square feet each), and 100
square feet from the second P-3 (Tail # 772, Bureau Number (BUNO) 162772) wing
section only. The areas inspected with the IRRIT system were selected due to the fact that
they were historically corrosion prone areas.

23



For the USAF IML Dem/Val, three KC-135 and two B-52 aircraft were also used
to demonstrate and validate the IRRIT, which resulted in approximately 100 square feet
total of KC-135 and B-52 surface area inspected with the IRRIT. The KC-135 bulkheads
sections were selected to showcase the IRRIT system on IML locations, and the ability to
inspect structurally vital components in complex geometry areas. The B-52 longeron
sections were inspected with the IRRIT and had previously been stripped and recoated
for inspection purposes.

3.6.4 Operating Parameters for the IRRIT

The typical operating parameters were determined by  previous
optimization/baselining work (refer to Section 3.5). The set-up of the system involved
two inspectors. The first operator acted as the IRRIT camera operator, looking for the
corrosion, real-time. The second operator monitored the real-time video, equipment and
data acquisition.

The IR camera with an internal cooler requires 15-30 minutes of cool down to
reach the Focal Plane Array (FPA) operating temperature. Once the camera is cooled, an
image appears on the monitor and proper distance for the desired Field of View (FOV) is
established. Depending on the temperature of the aircraft surface and the FPA response,
the Non Uniformity Correction (NUC) may have to be changed to one appropriate for the
conditions encountered. An offset correction will clean up the image. Images will then
be acquired from the inspection area of concern. Monitoring of all procedures was
accomplished in Quality Assurance Control Plan (refer to Appendix C).

3.6.5 Experimental Design

3.6.5.1 Experimental Design - Navy P-3 OML Dem/Val

During the demonstration process, selected areas on the P-3 painted aircraft were
inspected visually and with IRRIT. Corrosion sites were fully documented by indexing
the corrosion sites to the engineering drawing location. IR imaging (IRRIT) of the
painted section was conducted to locate the sites of corrosion, and IR photographic
images were taken for documentation purposes. Following chemical paint stripping, the
same area was inspected visually and digital images were recorded. Visual
documentation occurred before and after stripping of the coating. A comparison of the
marked areas exhibiting signs of corrosion was made between the IRRIT (prior to
chemical stripping) and visual inspection method (post chemical stripping) to validate the
results. Optimized parameters for the IRRIT were defined and established as a result of
the IRRIT Optimization/Baseline testing. This optimization activity was completed prior
to the demonstration/validation on the P-3 aircraft. Two (2) operators were used to
conduct the IRRIT survey. The IRRIT operator scans the area to be inspected and the
support person is responsible for recording and marking the corroded regions with a
grease pencil. Details of the designed experiment can be found in the following sections.

The selected areas inspected were representative of the P-3 structures and known to
be corrosion prone based on past history with the aircraft. The two high corrosion areas
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and critical structural areas were selected on both the wing and fuselage OML (refer to
Figure 3-9). The areas inspected were located (or indexed) according to the P-3 structural
stations, as defined by the applicable P-3 assembly drawings.

OML Fuselage (Aft)

Underneath Wing
Figure 3-9: Areas to be inspected with IRRIT

The lower section of the inner port wing made from corrosion-prone aluminum
alloy 7075-T6 was inspected between the forward and aft spar and Stations 65 and 147
(refer to Figure 3-10).
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Figure 3-10: Navy P-3 Wing Section inspected with IRRIT
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The fuselage section that was inspected (refer to Figure 3-11) is manufactured out
of aluminum alloy 2024-T3 and located approximately between Stringers 43 to 46 and
Stations 850-1050. The fuselage section is curved and is representative of locations on
the fuselage with a fuselage radius of 48 inches to 68 inches, while the underneath section
of the wing is mostly topographically flat. The radius section was selected to demonstrate
dynamic illumination, orientation of the IR camera and a potential reduced FOV.

[ —— Galley Window
Aft Observer Window - - =3 i Production
» o 958 977 996 1y Lap Splice
920 939 1034
, - I T 1 Stringer 56
/ R ¥ \ ‘ —\ Stringer 55
; ~f—' [ — Stringer 54| SFR
Stringer 53 205788
Stringer 52
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& Stringer 50
Stringer 50 .

, Production
SehEe Lap Splice
Stringer 48
Stringer 47 Fkin

939ER0
Stringer 46
Stringer 45 [
Stringer 44 |
Stringer 43

Figure 3-11: Navy P-3 Fuselage Section inspected with IRRIT

IRRIT inspection of the lower wing surface required the orientation of the camera
in the vertical position, as opposed to the mostly horizontal position for the fuselage
section. The approximate location of these two (2) selected areas can be seen in Figure
3-9. Prior to the corrosion survey, actual locations of these areas to be surveyed were
marked or lined out to establish an acceptable FOV for the camera. The locations were
approximately 10 feet by 10 feet or 100 square feet total in surface area per location.

The demonstration and validation started off with measuring the coating thickness
variations to ensure that the aircraft met the under 10 mils criteria for the inspection to
proceed. Note: This was not anticipated to be a problem as the experience with the P-3 by
both Northrop Grumman and NAVAIR Jacksonville is that the finish thicknesses have
not exceeded these values. The other reason to measure the thickness is to document the
thickness of the coatings, so as to demonstrate that the variation of the coating thickness
within the 10-mil thickness limit will not adversely effect the interpretation of the
detected corrosion or lack of corrosion under the surface. The thickness was recorded at

26



or near the intersection of all ribs and stringers. This will produce a natural grid for future
reference and analysis of the data.

Visual inspections of the two zones were inspected by the NAVAIR Jacksonville
Corrosion Control Team. This corrosion inspection was conducted (in accordance with
Navy Manual NA 01-1A-509) prior to coating removal. Corrosion sites were numbered
and identified by structural location by the NAVAIR personnel, but were not marked on
the P-3 structure directly so as not to influence the Northrop Grumman Team who were
responsible for the IRRIT inspection of the coated structure. The NAVAIR personnel
marked a visual map constructed from either a detailed photograph of the P-3 structure
showing Stations and Stringers or a visual map constructed from the engineering drawing
from the two selected areas. For example, each corrosion site had the Station number
called out in exact inches. The vertical location was called out by stringer location. The
closest stringer was measured in inches and the dimensional distance and stringer
location were recorded. The exact horizontal locations of the corrosion sites were
determined on the side of the fuselage. The location of each corrosion site was by marked
by location on the P-3 engineering drawings or detailed photograph of all Stations and
Stringers, which were apparent in the photograph.

The stripping of the P-3 aircraft was accomplished in accordance with the current
paint removal methods used at NAVAIR Jacksonville, as called for in the LPS 250. Paint
stripping was accomplished within Bldg 101S, which is normally used for stripping P-3
aircraft. The stripping was performed by experienced shop 6211 and shop 62711
personnel currently responsible for stripping operations.

A visual inspection of the stripped area to identify actual corrosion sites within the
wing and fuselage inspection zones was conducted by both the NAVAIR team and the
Northrop Grumman Team. The locations of all visible corrosion sites were documented
utilizing P-3 structure as a template. Corrosion sites were numbered, identified by
structural location, categorized, visually mapped and photo documented. The corrosion
was documented by direct measurement (e.g., length, width, or diameter) and through
qualitative assessment of degree of corrosion (e.g., light, moderate and severe). After
visual inspection, IR photo documentation were conducted on all corrosion sites detected
during the visual inspection of the stripped surface for future comparisons with the (under
the coatings) corrosion sites previously detected during the initial IR scan. Corrosion sites
detected after the stripping, but not found during the initial IR scan under the coating,
were fully documented as to location and marked as missed or failed to detect.
Additionally, corrosion sites marked as corrosion sites during the initial IR scan and
found to be non-corroded areas (after stripping) were marked as a false positive and
numbered. The last two conditions will be considered failures of the IR system to detect
the accurate condition of the substrate.

A final corrosion inspection took place after the aircraft had been glass bead peened

for corrosion removal plus chemical film treated (Alodine) and flash primed. This thin
flash primer acts as a temporary corrosion prevention measure used at NAVAIR
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Jacksonville. The inspection procedure was in accordance with the previously described
procedures except that the area was not re-stripped and inspected again, as this area was
previously stripped as described above. The purpose of this inspection was to determine
what the reworked P-3 aircraft looks like under the IRRIT process to assure false
positives are better understood, defined and cataloged as potential anomalies such as
Alodine staining, peening marks, potential minor and acceptable corrosion damage left
after corrosion removal operations, among other miscellaneous anomalies. It must be
understood that after the flash priming has been accomplished in the production cycle, the
aircraft was assumed to have only acceptable defects on the surface, active corrosion is
not present. These under the paint defects were compared and analyzed in accordance
with the procedure outlined below. This was considered the last inspection (see Figure
3-12 for the process stream). The final inspection is intended to reduce subsequent
inspection interpretation issues and errors (false positives) with aircraft selected for the
Dem/Val.

An assessment comparing the number of corrosion sites identified during the visual
inspection of the painted surface with the number of corrosion sites identified with the IR
inspection of the painted surface was made following demonstration. The number of
actual corrosion sites was determined after the areas inspected were stripped. The total
percent error (%) was the total number of both the % false positives sites “detected” as a
percentage of actual corrosion sites and the total number of sites not detected, as a
percentage of sites actually observed (see formula below). This was analyzed from both
an estimated total surface area and total number of sites detected perspective. Particular
attention was given to false positives, as these indications would possibly result in
stripping an aircraft that would normally not have to be stripped in depot operations.

Total % Error =[Number of False Posttives +IMumber of Corrosion Sites Mot DetectedemU

Humber of Actual Corrosion Sites

An assessment was made comparing the degrees of severity of corrosion sites
through qualitative and quantitative ratings of the degree of corrosion. Calculations were
made to establish percent error based upon dimensions of the corroded area and rating of
severity (e.g. light, moderate, severe). The inspection scan rates were determined and
compared with the total % error of detection including false positives for all six (6)
selected areas survey areas. This was compared to the scan rate of the visual technique
currently used at NAVAIR Jacksonville.

The process stream is summarized in Figure 3-12. Inspection points were selected

to validate and document each step. However, actual implementation after Dem/Val
would anticipate only one inspection point.
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MANDATORY @) MANDATORY 3)

. 1 i
IRRIT Corrosion Strip Wash IRRIT Corrosion Glass Bead Blast
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Bldg. 101S Bldg. 101S

4/7
) *OPTIONAL ) (6) MANDATORY
Wash Bldg. IRRIT ponos10n Conversion Coat Prime IRRIT Corroswn
101S Inspection of A/C Bldg. 101S Bldg. 122 Inspection of A/C
Bldg. 101S Bldg. 101W
/
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Wash Prime Top Coat Stencil & Markings . . orrcf)’s:;g
Bldg. 868 Bldg. 868 nspection o
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* = Optional IRRIT corrosion inspections shall be considered supplemental data that maybe
used to correlate the results of the optimization/baseline laboratory testing as applicable.

Figure 3-12: Process Stream w/IRRIT Added

3.6.5.2 Experimental Design — USAF KC-135 + B-52 IML Dem/Val

During the demonstration process, selected areas on the subject aircraft were
inspected visually and with IRRIT. The process required several hours of access to the
areas of interest on each aircraft, which was scheduled to avoid interference with regular
maintenance activities. IR imaging (IRRIT) of the painted section was conducted to
locate the sites of corrosion, and IR photographic images were taken for documentation
purposes. Following chemical paint stripping (by default limited to areas with corrosion
detected by IRRIT), the same area was inspected visually and digital images were
recorded. Hence, optical documentation occurred before and after stripping of the
coating. A comparison of the marked areas exhibiting signs of corrosion was made
between the IRRIT (prior to chemical stripping) and visual inspection method (post
chemical stripping) to validate the results. Two (2) operators were used to conduct the
IRRIT survey. The IRRIT operator scanned the area to be inspected and the support
person was responsible for recording and marking the corroded regions with a grease
pencil. Details of the Dem/Val procedures can be found in the applicable OC-ALC KC-
135 and B-52 Dem/Val Plan.

The primary vehicle of interest was the KC-135, due to the age of the aircraft (the
youngest KC-135 was delivered to the USAF in 1965), and the likelihood that it will
remain in service for decades more. This age makes detection and repair of corrosion
damage critical. KC-135s are also frequently available for inspection, with about 48
passing through the OC-ALC facility annually (roughly 1 aircraft per week). Select areas
of two KC-135 aircraft were inspected. The selected areas inspected were corrosion-
prone areas of concern to KC-135 maintenance personnel. It was noted that the IML of
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the KC-135 was not regularly stripped of paint, so paint stripping will be limited to areas
where the IRRIT identifies corrosion. Areas of interest in the KC-135, as illustrated in
Figure 3-13, include:

o Fuselage structural frames

e Two wing carry-over frames (“horseshoe fittings”)

e Stringer carry-throughs (“splices”)

The KC-135 areas of interest were internal structural components. The “horseshoe
fittings” are load-bearing members that help distribute loads from one wing to the other,
wrapping around the diameter of the fuselage like vertical horseshoes. Several similar
structural frames (“formers”) had been identified as areas of interest to KC-135
maintenance personnel. Finally, the “carry-throughs” that connect “stringers” (light
structural frames running lengthwise inside the skin of the aircraft) through the formers
had also been identified as prone to corrosion and cracking. Wing spars were also
considered, but preliminary tests during the 19 April 2006 visit to OC-ALC demonstrated
that the many hydraulics and secondary structural components made access difficult with
the current FLIR camera. The total inspected area would be about 100 square feet per
aircraft.

Figure 3-13: KC-135 IML IRRIT Inspection Area

After the successful preliminary camera test, B-52 aircraft were selected for IRRIT
inspection. Areas of interest in the B-52, as illustrated in Figure 3-14, include:
e Bomb bay longerons
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The B-52 areas of interest were in the bomb bay, partly due to their corrosion
issues (they are exposed to outside weather conditions) and partly due to their
accessibility and minimal interference with maintenance schedules. Within the bomb bay,
the primary target was the longerons (heavy lengthwise structural members) at the bottom
sides of the bay. The total inspected area was about 40 square feet or less. Unlike the KC-
135 inspections, the longerons have previously been stripped and repainted for corrosion
control purposes.

The process stream is summarized in Figure 3-15. Inspection points were selected
to validate and document each step. However, actual implementation after Dem/Val
would anticipate only one inspection point.
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Figure 3-15: OC-ALC Process Stream with IRRIT Added

3.6.6 Product Testing

Product testing for all platforms was accomplished by conducting a corrosion
survey utilizing the IRRIT to view potential corrosion sites. The NGC Team was
responsible for conducting the IR inspection for corrosion through the coating. A digital
video record was made in the IR to continuously monitor the IR survey. The time to
conduct this survey was recorded. The IRRIT parameters (distance, NUC camera
settings, illumination type, wattage, etc.) selected for the IR camera were determined by
an established optimization/baseline test process, prior to the Dem/Val. Corrosion sites
were marked on the surface of the painted aircraft and labeled in sequence. In addition,
locations of these marked corrosion sites were documented (according to stations/stringer
locations designated on aircraft engineering drawings), and digital IR and visible
photographs. Post-processing the corrosion data could then be categorized as direct
measurements (e.g. length, width, or diameter) and through qualitative assessment of
degree of corrosion (e.g. light, moderate, and severe).

In the case of the P-3, additional IR inspections took place to validate maintenance
induced anomalies during the corrosion removal process, glass bead peening, etc., did not
show up as corrosion indications on the substrate surface under the paint. The reason for
this step is to assure that once the aircraft returns to the depot, surface indications were
not mistaken for corrosion during future IRRIT corrosion inspections.

3.6.7 Demobilization

The IRRIT was designed to be portable and was easily dismantled and removed
after daily use (which took on average less than 15 minutes). A formal demobilization
plan was not applicable, due to the portability of the IRRIT.

32




3.7 Selection of Analytical/Testing Methods

Calibration standards developed through the Optimization/Baseline testing were
utilized at the demonstrations to ensure operational performance of the camera. These
calibrations standard are defined as a “1951 USAF Glass Slide Resolution Target” coated
with epoxy primer (MIL-PRF-85582) and polyurethane topcoat (MIL-PRF-85285) (refer
to Appendix E.6). This standard ensured the IRRIT system was operating and functioning
properly. These standards were checked at the beginning and end of each day of
operation.

3.8 Selection of Analytical/Testing Laboratory

NGC conducted the pre-demonstration and pre-validation testing as required by the
Optimization/Baseline Test Plan. NGC personnel operated the camera during the
Dem/Val. NGC has extensive experience in previously conducting SERDP and ESTCP
testing for detecting corrosion under coatings. No outside laboratories or independent
evaluators were required due the fact that cognizant government and C7C engineers with
expertise in the corrosion control area were utilized on the project team.
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4.1

4. PERFORMANCE ASSESSMENT

Performance Criteria

The general performance criteria used to evaluate the IRRIT technology are
summarized in Table 4-1. These performance criteria have been categorized as either
primary or secondary criteria.

Table 4-1: Performance Criteria

Performance Criteria

Description

Primary or
Secondary

Product Testing

IR Camera detection limits, test matrix parameters. Distance from area
of inspection. Detects corrosion under coatings prior to stripping. To
be verified by visual inspection after stripping operations are complete.

Primary

Hazardous Materials

Generation of hazardous waste will be reduced by the introduction of
this technology demonstrated by the Cost Benefit Analysis (CBA).

Primary

Process Waste

Generation of process waste will be reduced by the introduction this
technology demonstrated by the CBA.

Primary

Factors Affecting
Technology Performance

Inspection environment will determine parameters for technology to
operate optimally. Camera settings will be adjusted depending on
Ambient temperature/surface temperature.

Thickness of coating.

Chemical composition of coating system.

Primary

Ease of Use

Minimal operator training required — about 4 hours required. Inspectors
that normally do visual inspections for corrosion can use this system.

Secondary

Reliability

Manufacturer expects at least 8000 hours use before breakdown. No
expected breakdown during Dem/Val.

Secondary

Versatility

The IRRIT and BB techniques are ideally suited to any platforms
(besides P-3) that have coating systems transparent in the 3-5
micrometer range. Besides large areas, additional optics can be
employed to inspect parts for, pits, fractures, part ID obscured visibly by
the coating.

Secondary

Maintenance

Setup, operating, and breakdown procedures can be designed for easy
operation. There is minimal maintenance required for the camera.

Secondary

Scale-Up Constraints

Depending on the number of cameras employed, an entire aircraft or
selected locations can be recorded for future comparisons. Corrosion-
prone areas of the aircraft will be inspected first to determine whether or
not the balance of the aircraft needs to be inspected. Other equipment
will be required to scan the entire structure: Scaffolding will allow
access to higher areas. Robotics may also be needed for highly
automated scanning.

Secondary
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4.2 Performance Confirmation Methods
An overview of the results of the testing conducted is presented in Table 4-2.

Table 4-2: Expected Performance and Performance Confirmation Methods

Performance Criteria Expected Performance Actual
Performance Metric Confirmation Method Performance
PRIMARY CRITERIA (Performance Objectives) (Quantitative)
Product Testing Corrosion detection equal to or better than the visual | Visual Records Corrosion
inspection currently utilized after stripping coatings. detection better
than visual
inspection (refer to
Section 4.3.1)
Factors Affecting Performance | Acceptance criteria: All factors within

(Pollution Prevention)
e  temperature of A/C
e  coating thickness

Range 32-100 deg. °F
Not to exceed 10 mils.
Mil-Spec epoxy and urethane-based

Projected by Calculation

and Measurement

acceptance
criteria range, no
negative impact of

e  chemical composition of coating IRRIT imaging.

Hazardous Materials No hazardous waste is introduced by this technology. Operating experience No hazardous
waste was
introduced by this
technology.

Process Waste

No process waste is introduced by this technology.

Operating experience

No process waste
is introduced by
this technology.

SECONDARY PERFORMANCE CRITERIA (Qualitative)

Ease of Use Minimal operator training required — about 4 hours | Operating experience Rapid acquisition
required. Inspectors that normally do visual of IRRIT images
inspections for corrosion can use this system. performed by field

engineers and
technicians.

Reliability Manufacturer expects at least 8000 hours use before | Record keeping No reliability
breakdown. No expected breakdown during Dem/Val. issues.

Versatility The IRRIT and BB techniques are ideally suited to any | Operating Blackbody not
platforms (besides P-3) that have coating systems | experience/Assessments suitable for
transparent in the 3-5um range. Besides large areas, aircraft inspection.
additional optics can be employed to inspect parts for,
pits, fractures, part ID obscured visibly by the
coating.

Maintenance Setup, operating, and breakdown procedures can be | Operating Minor
designed for easy operation. There is minimal | experience/Assessments maintenance
maintenance required for the camera. required for

commercial off-
the-shelf (COTS)

data cables.

Scale-Up Constraints

Depending on the number of cameras employed, an
entire aircraft or selected area can be recorded for
future comparisons. Corrosion-prone areas of the
aircraft will be inspected first to determine whether or
not the balance of the aircraft needs to be inspected.
Other equipment will be required to scan the entire
structure:  Scaffolding will allow access to higher
areas. Robotics may also be needed for highly
automated scanning.

Operating

experience/Assessments

No scale-up
constraints.
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4.3 Data Analysis, Interpretation and Evaluation
The following sections (Section 4.3.1 and 4.3.2) describe data reduction, validation
and reporting for the Navy OML and OC-ALC IML Dem/Vals respectively.

The Dem/Vals proved the IRRIT as an improved method of corrosion inspection
over the current baseline visual inspection method used at the demonstration sites. This
new method will give the engineering and corrosion control staff the capability to make
sound engineering decisions as to whether to remove coatings or not to remove the
coatings based on the reliable detection of corrosion under coatings. Additionally, the
CBA criteria for pollution prevention was projected and applied based on actual usage
data of materials plus projected waste savings scenarios (refer to Section 5).

4.3.1 Corrosion Inspection Comparison — NAVAIR Jacksonville, P-3

The Navy P-3 OML Dem/Val included the inspection of 2 aircraft (P-3s),
consisting of 300 square feet of inspected area. The first aircraft inspected with the IRRIT
was P-3 Tail #912, Bureau Number (BUNO) 158912 (200 square feet IRRIT inspected);
the second aircraft was P-3 Tail #772, BUNO 162772 (100 square feet IRRIT inspected).
During this Dem/Val various data points were acquired, including coating thickness, air
(ambient) temperature, aircraft skin/surface temperature, visible images and IR
images/video (refer to Table 4-4). The following paragraphs discuss these critical data
points.

Coating thickness evaluation allows the IRRIT user to ascertain if the operational
parameters of the system are met on selected demonstration aircraft. Based upon FTIR
analysis, utilizing samples of various coating thicknesses, the user can determine if the
MWIR transmission of the coating is sufficient to allow imaging through the coating
system (refer to Table 2-3). Average coating thicknesses that were recorded during the P-
3 OML Dem/Val were 0.5 mils (flash primer) to 4 mils (primer and topcoat), which is
within the operational parameters of the IRRIT system.

Temperature measurements provide the IRRIT user with information on adjusting
the quantity of IR illumination, to maximize image contrast. Improper adjustments of IR
illuminators can create a condition of zero contrast, resulting in the inability to locate and
image corrosion by the IRRIT operator. Optimization/baseline studies using a controlled
temperature protocol were conducted to address this issue and determine the actual
parameters required to eliminate this possibility (refer to Appendix E.7). During the OML
and IML Dem/Vals, for blackbody imaging method to have worked (based on the MWIR
camera and internal camera settings that were utilized) an approximate 10°F temperature
differential from the air to aircraft skin temperature would have been required. However,
based on the air and substrate temperature data that was recorded at NAVAIR
Jacksonville and OC-ALC, IR reflectance (IRRIT) was determined to be the best method
for detecting corrosion beneath the coated surface (refer to Table 4-4 and Table 4-8).

Visible images, IR images, and real-time IR video were recorded for
documentation and comparison purposes in support of data analysis. A comparison of the
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areas exhibiting signs of corrosion under coatings was made between the IRRIT (prior to
chemical stripping) and visual inspection method (post chemical stripping). These results
were then evaluated in accordance with Table 4-2. Locations within the selected
inspection areas indicating corrosion under the coating system were marked for further
detailed IR photo-documentation with a grease pencil or chalk. The data evaluation and
interpretation consisted of: 1) a quantity of corrosion positively identified; 2) false
positives (areas that were incorrectly identified as corrosion); and 3) undetected corrosion
(inspection miss). IRRIT images and visible images (digital) with primer and topcoat (P-
3 as received) were documented to assess corrosion sites identified during the IRRIT and
visible scans, for determination of detection accuracy and condition based assessments.

After detailed visual and IR photo-documentation of the painted surface, the
aircraft OML was chemically stripped using standard approved NAVAIR Jacksonville
procedures. After chemical stripping, the IR images and visual images were obtained and
compared with the coated surface, prior to stripping. The data acquired is summarized in
Table 4-5 and Figure 4-1 and Figure 4-2. Finally, an IRRIT inspection after aircraft
priming was conducted, to demonstrate the effect of corrosion removal processes was
accomplished (refer to Appendix F — Dem/Val Plan Deviations). This data ensured that
the surface effect from the glass-bead corrosion removal process is not misinterpreted as
corrosion. This step further increased the confidence level, that the substrate surface
finish will not be incorrectly identified, as corrosion on future inducted aircratft.

The results of the data concluded that the IRRIT method of corrosion inspection is
significantly more accurate than the visual corrosion inspection method (refer to Table
4-5). The IRRIT method located on approximately 74-77% of the actual corrosion real-
time, whereas the visual inspection located on approximately 5-12% of the actual
corrosion. Post processing of the IRRIT data increased the average value to 79-86%.

It was noted during Dem/Val that the type and size of corrosion (i.e., filiform,
general corrosion, etc.) was not a contributing factor in IRRIT inspection error. Post
processing the IRRIT data to understand demonstration inspection error identified several
contributing factors that may have occurred during the Dem/Val process (refer to Table
4-3).

Table 4-3: Inspection Error Contributing Factors (OML)

Error | Type of Error Description

IRRIT operator missed the corrosion location(s), but after reviewing IR images or IR

#1 Operator Error video it was determined that the system actually picked it up.

IRRIT operator missed the corrosion location(s) due to MWIR camera auto-gain issue
#2 | Operator Error | (refer to Appendix E.8 Investigation to Correct Auto-Gain Image Issue), which was
later corrected post processing.

IRRIT operator did not scan the inspection zone completely — and since the zone was

#3 | Operator Error not scanned via the IRRIT it would have been impossible to identify the corrosion.

IRRIT system could not detect corrosion location(s) through coating system. This

#4 | System Failure option did not occur during the Navy P-3 OML Dem/Val.

Operator and

# System Failure

False Positive - Location incorrectly identified as corrosion through coating.
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In theory, if the IRRIT user spends a lot of time scanning and doing the real-time
inspection the level of accuracy should be close to 100%. However, due to the time
constraints of production and other reasons a level of 74-77% accuracy with the IRRIT,
which is still significantly higher than the 5-25% accuracy of the visual inspection

method.
Table 4-4: Navy P-3 Dem/Val Data Points Acquired (Raw Data)
As Received (Primer + Topcoat)
P-3 OML Paint Thickness Air Temperature ?;ﬁra:;asulﬁg Visible IR IR Video Date Data
Location Measurements Measurements P Photos Photos | (hourmin:sec) | Acquired
Measurements
. 26 Measurements 5 Measurements 4 Measurements
Wing (AVG = 2.44 mils) (AVG = 69.1°F) (AVG = 70.6°F) 375 201 02:29:00 2/7/2006
Fuselage 24 Measurements 3 Measurements 4 Measurements | Images | Images o 2/7/2006
~ g (AVG = 3.07 mils) (AVG =70.1°F) (AVG = 71.9°F)
i Post Chemical Stripping
= P-3 OML Paint Thickness Air Temperature ?érr;ra:;astk;;l Visible IR IR Video Date Data
= Location Measurements Measurements peratu Photos Photos | (hourminisec) | Acquired
i Measurements
] . . 2 Measurements 2 Measurements
1
-9 Wing Not Required (AVG = 64.5°F) (AVG = 66.8°F) 173 101 012251 2/10/2006
< . 1 Measurement 4 Measurements | Images | Images o
% Fuselage Not Required (AVG = 71.8°F) (AVG - 78°F) 2/10/2006
4 Flash Primer
. . . Aircraft Skin .. .
P-3 OML Paint Thickness Air Temperature Temperature Visible IR IR Video Date Data
Location Measurements Measurements P Photos Photos | (hour:min:sec) | Acquired
Measurements
- 26 Measurements 3 Measurements 2 Measurements
Wing (AVG = 0.79 mils) (AVG = 80.5°F) (AVG = 81.9°F) 60 48 NA 5/8/2006
Fuselage 9 Measurements 2 Measurements 1 Measurement Images Images 5/8/2006
g (AVG = 0.54 mils) (AVG = 85.2°F) (AVG = 84.9°F)
As Received (Primer + Topcoat)
P-3 OML Paint Thickness Air Temperature ?;ﬁragastﬁg Visible IR IR Video Date Data
Location Measurements Measurements P Photos Photos | (hourmin:sec) | Acquired
Measurements
. 15 Measurements 2 Measurements 2 Measurements 136 100 .
- Wing (AVG = 3.59 mils) (AVG=80.1°F) | (AVG=79.95°) | Images | Images | CO-0:17 | 5/6/2006
{: Fuselage NO MEASUREMENTS TAKEN — REFER TO APPENDIX F (Dem/Val Plan Deviations)
3+ Post Chemical Stripping
—
= . . . Aircraft Skin .. .
P-3 OML Paint Thickness Air Temperature Visible IR IR Video Date Data
ot . Temperature B .
Location Measurements Measurements Photos Photos | (hour:min:sec) | Acquired
] Measurements
R . . 2 Measurements 2 Measurements 125 102
E‘ Wing Not Required (AVG = 78.55°F) (AVG =78.7°F) Images | Images NA 3/10/2006
« Fuselage NO MEASUREMENTS TAKEN — REFER TO APPENDIX F (Dem/Val Plan Deviations)
Z Flash Primer
. . . Aircraft Skin .. .
P-3 OML Paint Thickness Air Temperature Temperature Visible IR IR Video Date Data
Location Measurements Measurements P Photos Photos | (hour:min:sec) | Acquired
Measurements
Wing NO MEASUREMENTS TAKEN — REFER TO APPENDIX F (Dem/Val Plan Deviations)
Fuselage NO MEASUREMENTS TAKEN — REFER TO APPENDIX F (Dem/Val Plan Deviations)

Note: IRRIT Real-Time Accuracy Range = 74-77%
IRRIT Post-Processing Accuracy Range = 79-86%
Visual Accuracy Range = 5-25%
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Table 4-5: Navy P-3 OML Real-Time Results versus Post-Processing Results

Real-Time Results (P-3 OML Wing Section)
Suspected False Actual
Inspection Technique Areas of . Misses Corrosion % Accuracy
. Positives .
Corrosion Sites
Visual Inspection Results 10 | 163 172 5%
IRRIT Inspection Results 128 0 44 172 74%
Post-Processing Results (P-3 OML Wing Section)
Suspected False Actual
a Inspection Technique Areas of ", Misses Corrosion % Accuracy
A . Positives .
J Corrosion Sites
% Visual Inspection Results Visual inspection does not allow for post-processing results.
= | IRRIT Inspection Results 135 | 0 | 37 | 172 | 79%
Wt Real-Time Results (P-3 OML Fuselage Section)
t Suspected False Actual
> Inspection Technique Areas of . Misses Corrosion % Accuracy
= . Positives :
Z, Corrosion Sites
Visual Inspection Results 5 0 66 71 7%
IRRIT Inspection Results 55 0 16 71 77%
Post-Processing Results (P-3 OML Fuselage Section)
Suspected False Actual
Inspection Technique Areas of . Misses Corrosion % Accuracy
. Positives .
Corrosion Sites
Visual Inspection Results Visual inspection does not allow for post-processing results.
IRRIT Inspection Results 57 | 0 | 14 | 71 | 80%
Real-Time Results (P-3 OML Wing Section)
Suspected False Actual
N Inspection Technique Areas of ", Misses Corrosion % Accuracy
~ . Positives .
It Corrosion Sites
1:'? Visual Inspection Results 27 2 74 99 25%
= | IRRIT Inspection Results 75 0 24 99 76%
o« Post-Processing Results (P-3 OML Wing Section)
t Suspected False Actual
> Inspection Technique Areas of . Misses Corrosion % Accuracy
< . Positives .
Z, Corrosion Sites
Visual Inspection Results Visual inspection does not allow for post-processing results.
IRRIT Inspection Results 85 | 0 | 10 | 99 | 86%

Note: Post-processing allows the IRRIT user to review IR images and IR video to identify corrosion locations
that may have gone initially undetected during the real-time inspection.
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Table 4-6 below illustrates the IRRIT scan rates of the Navy P-3 OML Dem/Val.
The total average scan rate was 127 ft¥/hour. During the Dem/Val process the scan rate
improves as the experience in IRRIT operation and procedures are refined. The Dem/Val process
required extensive documentation which reduced the scan rate. Typical field operation of the
IRRIT inspection would not require this level of documentation.

Table 4-6: Navy P-3 Dem/Val IRRIT Scan Rates

As Received (Primer + Topcoat)

P-3 OML Location Scan Rate
Q Wing 64 ft*/hour
Al Fuselage 73 ft*/hour
= Post Chemical Stripping
= | P-3 OML Location Scan Rate
NG Wing 150 ft*/hour
t Fuselage 207 ft*/hour
= Flash Primer
Z | P-3 OML Location Scan Rate
Wing 150 ft*/hour
Fuselage Scan Rate Not Recorded
As Received (Primer + Topcoat)
P-3 OML Location Scan Rate
Wing 120 ft*/hour
Fuselage NO MEASUREMENTS TAKEN — REFER TO APPENDIX F
aQ (Dem/Val Plan Deviations)
Ly Post Chemical Stripping
= P-3 OML Location Scan Rate
= Wing Scan Rate Not Recorded
g Fusel NO MEASUREMENTS TAKEN — REFER TO APPENDIX F
t uselage (Dem/Val Plan Deviations)
= Flash Primer
Z. | P-3 OML Location Scan Rate

Wing

NO MEASUREMENTS TAKEN — REFER TO APPENDIX F
(Dem/Val Plan Deviations)

Fuselage

NO MEASUREMENTS TAKEN — REFER TO APPENDIX F
(Dem/Val Plan Deviations)
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IR Painted Image
—

Visible Stripped Image

IR Stripped Image

Figure 4-1: P-3 Tail #912 (Wing Section) - IR Image
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IR Painted Image

Visible Stripped Image

Figure 4-2: P-3 Tail #912 (Fuselage Section) - IR Image
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IR Painted Image

Corrosion under the coating.

Y

Visible Stripped Image

Corrosion confirmed via
chemical stripping coating.

IR Stripped Image

Figure 4-3: P-3 Tail #772 (Wing Section) - IR Image




Figure 4-4 illustrates the corrosion locations that were identified during the Navy
P-3 (Tail #772, BUNO 162772) Dem/Val. The note within the figure defines the
corrosion location and what method they were found and documented.

Forward
| Waases I W3 83101 ! Wi 101-11% : S 118-157 : WS 137147 :
________ T ‘_':‘1. T 7T s TRy TN .2@ﬁm@..—£ﬂ_;m_+—._;_.—. T

preoqInQ

NOTE
® = Carimfomdvithe BRI - iate Chemical Srpping

¥ = Carteimfomd vh Vinnl hepection - Friorto Chamical Strppitg
® = Cazosian famd v hoththe [REIT and Visal epectin - Friarto Chanical Stripping
® = Carosimnfomd vi Vinnl bepection - Fost Chamk al Stripping

C:) = Missed by [RBIT — Priorto Chemical Stripping
P = Seen™bry BRI bt did vt circle ar dooum ent e o fhe fact St simlar comosion was fomd rewty)

Figure 4-4: Navy P-3 OML Wing Section Corrosion Location Identification
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4.3.2 Corrosion Inspection Comparison — OC-ALC, KC-135 and B-52

The USAF KC-135 and B-52 IML Dem/Val included inspection of 5 aircraft,
encompassing 3 KC-135s and 2 B-52s. During this Dem/Val various data points were
acquired, including coating thickness, air (ambient) temperature, aircraft skin/surface
temperature, visible images and IR images/video (refer to Table 4-8 and Table 4-9). The
above data points are discussed in detail in Section 4.3.1.

During this Dem/Val suspected corrosion with the IRRIT system was identified,
and the corrosion was confirmed by localized paint stripping and visual inspection. The
inspection areas in the KC-135 were the fuselage IML (refer to Figure 3-13), wing to
fuselage carry-through fittings (refer to Figure 3-13), while the B-52 were truss-shaped
longerons in the bomb bay (refer to Figure 3-14). Following IRRIT inspection, the
suspected corrosion areas were marked and stripped of paint to allow visual inspection.
The visual and IRRIT inspections were compared to determine the performance of the
IRRIT inspection. In general, the KC-135s and B-52s did not produce a large number of
corrosion locations, and of those found, some were either false positives or were
superficial corrosion that was removed during the stripping process (refer to Table 4-7
and Table 4-9).

Table 4-7: Inspection Error Contributing Factors (IML)

Type of oy
Error Error/Failure Description
Operator and False Positive - Location incorrectly identified as corrosion through
#1 P . coating. In the case of the KC-135, the false positive was due to surface
System Failure L .
contamination (refer to Figure 4-7)
Location identified (by IRRIT) as corrosion could not be validated
Dem/Val . . . s
during post strip analysis. In the case of the B-52, the coating removal
#2 Procedural . . . .
Error process included mef:hanlcal measures, which may have resulted in
inadvertently removing corrosion product (s) (refer to Table 4-9).

During the IRRIT inspection on KC-135 #1, 6 locations were marked to be
stripped. Out of these 6 locations, 4 were identified as corrosion and the remaining 2
were identified as spot welds. After chemically stripping the primer, 2 out of the 4 were
correctly identified as being corrosion by the IRRIT inspection. The 2 locations that were
falsely identified by the IRRIT inspection, turned out to be a visually transparent “waxy
substance” on the surface of the primer (see Figure 4-7). Even though this “waxy
substance” was visually transparent and could not be seen, it was not transparent in the
IR, and thus was confused to be corrosion. Future IRRIT inspections will have to include
thoroughly cleaning the surface prior to inspection. The 2 locations that were identified
by the IRRIT as spots welds were confirmed via the chemical stripping (see Figure 4-8).

KC-135 #2 during the IRRIT inspection appeared corrosion-free. The entirety of
the main cargo door interior surface was inspected in approximately half an hour, with
only one suspect corrosion location identified. Bulkheads were also examined with only
one more corrosion location identified. Due to the success on B-52 #1 and scheduling
pressures, a visual inspection was not conducted on KC-135 #2.
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The purpose of the IRRIT inspection on KC-135 #3 was to demonstrate the utility
of the new-model IRRIT camera (MilCam) for inspecting the wing spar. This entailed
working in a tight space that had prevented IRRIT inspection with the Merlin® MWIR
camera. In addition, a technology demonstration was performed for Navy E-6 field
engineers located at OC-ALC.

Figure 4-5: MilCam used at OC-ALC

Inspection of B-52 #1’s bomb bay longerons yielded a few suspected corrosion
locations during IRRIT inspection. Eight corrosion locations were identified. After being
stripped of paint, 7 proved to be corrosion. It is suspected that the corrosion was so minor
on one of the locations that it was removed during the chemical stripping process.

IRRIT inspection of B-52 #2 revealed 2 suspect corrosion locations on the
longerons. Subsequent stripping and inspection showed corrosion at one location. It is
suspect that the corrosion was so minor on the other location that it was removed during
the chemical stripping process.
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The IRRIT inspection process performed acceptably on the B-52 IML with no
significant inspection performance impacts due to complex geometry (found in KC-135
IML). Based on the IML Dem/Val results, future IRRIT inspections will require the
removal (dry-wiping) of surface contamination, known to be problematic in IR (i.e., dirt,
dust, oil, grease, etc.), prior to inspection (refer to Figure 4-7). Early detection of
corrosion allows the user to minimize or prevent structural damage and pollution
prevention through the use of the IRRIT (refer to Figure 3-4). IRRIT inspection process
provides improved sensitivity for detection of surface corrosion as compared to standard
eddy current and visual inspection methods utilized at OC-ALC (refer to Figure 4-6).

IRRIT Inspection Rapidly " :
Identifies Corrosion Spot of Abnormality (Corrosion)

Eddy Current Confirms Presence

Figure 4-6: IRRIT versus Eddy Current
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4 EE. b |
Falre Posiitre — Thiswas confused withe crmogon,
however it was arhally on the surfare of the paint

Visible Painted Image IR Painted Image

Fuaise Posifive: Location was
incarrectly identified as caorrasion.
The surface of the primer had a
“Weeoy substance ™ on it that was
visradly transparent, however it was
rot transparent in the IR, In the
fiftire (prior to IRRIT Mspections)
the surface must be thoraughly
cleaned fo ensure this daoes nat

happen.

Visible Stripped Image

Figure 4-7: False Positive — Location Incorrectly Identified as Corrosion by IRRIT

IE Painted Image

Spoi welds evident during IRRIT-
inspection were confirmed by
chemically stripping these areas.

Visible Stripped Image

Figure 4-8: Spot welds evident via IRRIT inspection
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Table 4-8: USAF KC-135 and B-52 IML Dem/Val Data Points Acquired (Raw Data)

Primer
KC-135 IML Paint Thickness Air Temperature | Aircraft Skin Temperature | Visible IR Date Data
Location Measurements Measurements Measurements Photos Photos Acquired
= 6 Measurements 0 Measurements 2 Measurements 19 31
3+
i | Bulkheads |y 0.95 mils) (AVG =N/A) (AVG = 71.5F) Images | Images | |0/23/2006
5 Post Selected Spot Chemical Stripping
¥ | KC-135IML Paint Thickness Air Temperature | Aircraft Skin Temperature | Visible IR Date Data
Location Measurements Measurements Measurements Photos Photos Acquired
. 0 Measurements 0 Measurements 22 9
Bulkheads Not Required (AVG = N/A) (AVG = N/A) Images Tmages 10/24/2006
- Primer
| KC-135IML Paint Thickness Air Temperature | Aircraft Skin Temperature | Visible IR Date Data
51I? Location Measurements Measurements Measurements Photos Photos Acquired
S 11 Measurements | 4 Measurements 5 Measurements 10 5
X
Cargo Door |\ y6— 1 31 mils) | (AVG=752°F) (AVG = 75.9°F) Images | Images 10/25/2006
- Primer
| KC-135IML Paint Thickness Air Temperature | Aircraft Skin Temperature | Visible IR Date Data
= Location Measurements Measurements Measurements Photos Photos | Acquired
g Port Wing NO MEASUREMENTS TAKEN — 10/26/2006
Spar Purpose of IRRIT inspection was to show capability of the system in tight spaces.
Primer + Topcoat
B-52 IML Paint Thickness Air Temperature | Aircraft Skin Temperature | Visible IR Date Data
Location Measurements Measurements Measurements Photos Photos | Acquired
6 Measurements 1 Measurement 3 Measurements 21 17
F | Lomgerons | \vG-is7mis) | (AVG=67F) (AVG = 67.1°F) Images | Images | |0/24/2006
2 Post Selected Spot Chemical Stripping
B-52 IML Paint Thickness Air Temperature | Aircraft Skin Temperature | Visible IR Date Data
Location Measurements Measurements Measurements Photos Photos Acquired
. 0 Measurements 0 Measurements 10 21
Longerons Not Required (AVG = N/A) (AVG = N/A) Images | Tmages 10/25/2006
Primer + Topcoat
B-52 IML Paint Thickness Air Temperature | Aircraft Skin Temperature | Visible IR Date Data
Location Measurements Measurements Measurements Photos Photos Acquired
7 Measurements 1 Measurement 4 Measurements 11 10
& | Lomgerons | \vG-339mis) | (AVG=70F) (AVG =71°F) Images | Images | /232006
£ Post Selected Spot Chemical Stripping
B-52 IML Paint Thickness Air Temperature | Aircraft Skin Temperature | Visible IR Date Data
Location Measurements Measurements Measurements Photos Photos Acquired
. 0 Measurements 0 Measurements 10 12
Longerons Not Required (AVG = N/A) (AVG = N/A) Images | Tmages 10/26/2006
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Table 4-9: USAF KC-135 and B-52 IML Real-Time Results

Real-Time Results (KC-135 IML Bulkhead
= Suspected False Confirmed
a Inspection Technique Areas of Positives Misses Corrosion % Accuracy
0 Corrosion Sites
< Visual Inspection Results No visual corrosion sites confirmed.
IRRIT Inspection Results 4 | 2 | * | 2 | *k
Real-Time Results (KC-135 IML Cargo Door)
] Suspected False Confirmed
G Inspection Technique Areas of " Misses Corrosion % Accuracy
- . Positives .
O Corrosion Sites
= Visual Inspection Results No visual corrosion sites confirmed.
IRRIT Inspection Results 1 | Unknown — No selective spot stripping occurred.
Real-Time Results (KC-135 IML Port Wing Spar)
&2 Suspected False Confirmed
) Inspection Technique Areas of . Misses Corrosion % Accuracy
&2 . Positives .
O Corrosion Sites
M Visual Inspection Results NO MEASUREMENTS TAKEN —
IRRIT Inspection Results Purpose of IRRIT inspection was to show capability of the system in tight spaces.
Real-Time Results (B-52 IML Longerons)
- Suspected False Confirmed
= Inspection Technique Areas of Positi Misses Corrosion % Accuracy
Q . ositives .
s Corrosion Sites
Visual Inspection Results No visual corrosion sites confirmed.
IRRIT Inspection Results 8 | Rk | * | 7 | HE
Real-Time Results (B-52 IML Longerons)
~ Suspected False Confirmed
- Inspection Technique Areas of Positi Misses Corrosion % Accuracy
K . ositives .
i Corrosion Sites
Visual Inspection Results No visual corrosion sites confirmed.
IRRIT Inspection Results 2 | | Rkl | * | 1 | ok

* = Due to the fact that selective spot stripping occurred (only for locations that were identified by the IRRIT as having corrosion
beneath the coating), it is impossible to know if any other corrosion locations were missed.

Notes:  ** = Cannot determine accuracy solely based on spot stripping, because it is unknown whether or not corrosion was missed in areas
that were not stripped.
*** = Corrosion may have been removed by stripping process, mechanical abrasion may have occurred.
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Table 4-10 below illustrates the IRRIT scan rates of the USAF KC-135 and B-52
IML Dem/Val. The total average scan rate was 132 ft*hour. During the Dem/Val process the
scan rate improves as the experience in IRRIT operation and procedures are refined. The
Dem/Val process required extensive documentation which reduced the scan rate. Typical field
operation of the IRRIT inspection would not require this level of documentation.

Table 4-10: USAF KC-135 and B-52 Dem/Val IRRIT Scan Rates

ks Primer
-
i KC-I?’S.IML Scan Rate
(Q Location
Bulkheads 133 ft?/hour
A% Primer
-
< | KC-135IML Scan Rate
g Location
Cargo Door 150 ft>/hour
Primer
o4
i | KC-135 IML Scan Rate
— Location
g NO MEASUREMENTS TAKEN — Purpose of
Port Wing Spar | IRRIT inspection was to demonstrate capability of
the system in areas of limited access.
= Primer + Topcoat
I
() B-52 IML
o Location Scan Rate
Longerons 108 ft*hour
N Primer + Topcoat
o B-52 IML
()
/M Location Scan Rate
Longerons 135 ft*/hour
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Figure 4-9: B-52 #1 (Longeron Section) - IR Image




4.3.3 Summation of Dem/Val Results

Figure 4-10 illustrates the high level of accuracy of the IRRIT inspection method
(79%, 80%, and 86% Post-Processing IRRIT) as compared to the visual inspection
method (5%, 7%, and 25% Real-Time Visible), during the Navy P-3 OML Dem/Val. The
IRRIT inspection identified three times (3X) the amount of corrosion located by visual
inspection. The IRRIT as compared to the visual inspection method allows for post-
processing the images after the inspection, which can assist the identification of corrosion
present but not observed during the real-time inspection. Probable IRRIT inspection
errors can be found in Table 4-3.

Accuracy: IRRIT Inspection versus Visual Inspection

Post-Processing IRRIT

H E
: :
[="1]
="1]
kS =
w w
w [-5]
8 L=
: &
& i
g z
o
& ay

772 (Wing Section)

Figure 4-10: Navy P-3 OML - Accuracy of IRRIT Inspection versus Visual
Inspection
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Figure 4-11 illustrates the high level of accuracy of the IRRIT inspection (50%,
88%, and 50%) method as compared to the visual inspection method (0%, no corrosion
visually noted), during the USAF KC-135 and B-52 IML Dem/Val. During this Dem/Val
the inspected aircraft had low levels of corrosion, thus reducing the data set that was
recorded. No corrosion was detected via visual inspection, whereas IRRIT successfully
identified several corrosion locations. Probable IRRIT inspection errors can be found in
Table 4-7.

Accuracy: IRRIT Inspection versus Visual Inspection

o
0%

Figure 4-11: KC-135/B-52 IML - Accuracy of IRRIT Inspection versus Visual Inspection
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Figure 4-12 illustrates the average level of detection, comparing visual inspection
versus IRRIT inspection. This is a weighted average, where all corrosion sites where
weighted equally for both OML and IML Dem/Vals. This chart illustrates the high level
of accuracy of the IRRIT inspection method as compared to the visual inspection method.
In total (including OML and IML Dem/Vals) there were 352 corrosion sites. The IRRIT
found 287 corrosion sites out of the 352, equaling 82% accuracy. Visual inspection found
42 corrosion sites out of the 352, equaling 12% accuracy.

Average Accuracy: IRRIT Inspection versus Visual Inspection

90% 7

Figure 4-12: Average Accuracy of IRRIT Inspection versus Visual Inspection

It was found during demonstration and validation testing that the contributing
factor for such a large deviation of inspection results between visual and IRRIT was due
to the detection methods utilized for each technique. The IRRIT method directly images
corrosion by-product through the paint system due to reflectance contrast differences of
the substrate. The visual method relies upon the identification of paint surface
irregularities/blistering (i.e., paint degradation) as a result of substrate volume changes
associated with corrosion formation.
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5. COST ASSESSMENT

As discussed in previous sections, the IRRIT system was demonstrated on both
OML and IML applications. Potential economic and environmental savings from use of
the IRRIT arise largely from the opportunity to reduce coating removal and repaint
activities. However, it should be emphasized that the IRRIT is an inspection tool that
may identify reduction opportunities but does not change the extent of corrosion on an
aircraft or improve the performance of its coating system. The primary function of the
IRRIT is to increase user knowledge of the real condition of the substrate, enabling
engineering disposition to occur with greater confidence.

When the regular maintenance cycle and maintenance costs are known, potential
savings from reduced maintenance can be projected. The other source of potential
economic savings is that early detection and treatment of corrosion to reduce structural
damage could aid in extending the over-all service life of affected aircraft and minimize
the magnitude of corrosion repair. However, the degree to which the IRRIT could create
potential savings from increased service life is difficult to quantify without program
specific understanding of corrosion history for the particular weapon system.

In aviation-related maintenance, decision-making on when or whether corrosion
treatment and/or coating repair should occur is based primarily on expert knowledge.
There is no standardized formula across aircraft programs where ‘x’ corrosion locations
indicate that the surface must be stripped and treated while ‘y’ corrosion locations
indicates that the surface can be treated with lesser measures. Instead it is a qualitative
evaluation guided by experience and multiple considerations of coating condition, past
coating performance, current corrosion, the service conditions under which the aircraft is
expected to operate, and many other factors. As seen in Section 4.3, during the
Dem/Vals the IRRIT system showed on average a three times (3X) or greater
improvement over visual inspection techniques.

The regular strip and repaint of the Navy P-3 OML, has been used as a baseline
process against which to measure potential alternate processes made possible by use of
data gathered by the IRRIT. For these purposes, the P-3, with an OML surface area of
6500 square feet, is considered a “medium sized aircraft” and can be used as a broad
approximate for other medium sized aircraft. Approximately every four years each P-3 is
completely stripped of paint using a chemical stripping agent and then repainted. One
cost analysis scenario for the IRRIT is a transition to condition-based maintenance. In
condition-based maintenance, aircraft are assessed and treated to varying maintenance
procedures, according to the extent of actual corrosion present.

It is also possible that weapon system managers could use the increased confidence
granted by the IRRIT to extend the maintenance interval between strip and repaint events.
A scenario was considered where it was assumed the improved information and user
confidence provided by the camera allows a lasting change to aircraft maintenance
cycles. This demonstrates the potential impact of even a one year shift to the
maintenance cycles. This is an example of potential savings if increased user confidence
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provided by the IRRIT can be translated into a less conservative maintenance procedure
interval.

In IML corrosion inspection processes, the baseline process is less clear. For both
the KC-135 and the B-52 aircraft, the IML is not stripped and repainted as a matter of
routine during each maintenance cycle. Instead there are two scenarios when the IML
may be partially stripped. In the first, a visual (and for some critical areas, NDI)
inspection is carried out when an aircraft enters depot maintenance. Detected corrosion is
then treated on an as-needed basis. This occurs in the KC-135, when during the regular
maintenance cycle support bulkheads within the cargo area are inspected for signs of
weakening, fracture, and/or corrosion.

In the second, a “one time order” may require that all aircraft of a particular model
have a specific IML location stripped during their maintenance cycle, in order to gather
information on substrate condition in that area. This recently occurred on the B-52, when
each B-52 in the fleet had its bomb bay longerons stripped for inspection and then
repainted. The longerons are not scheduled to be stripped a second time on subsequent
maintenance cycles.

The potential impact of the IRRIT on IML maintenance work is difficult to
quantify due to the lack of regular strip and repaint activity on the surveyed aircraft IML
areas. Accordingly, this cost assessment will focus on the potential impact of the IRRIT
on the OML maintenance work, using the P-3 data as a baseline. Potential savings from
use of the IRRIT on aircraft IMLs will be discussed in Section 5.2.7.

5.1 Cost Reporting

An economic analysis was conducted using the Environmental Cost Analysis
Methodology (ECAM™™) cost estimating tool, comparing the current chemical depainting
process of aircraft that is performed at NAVAIR Jacksonville on the P-3 aircraft
(Baseline Scenario) to potential savings from purchase and use of an IRRIT system. The
objective of the cost assessment is to provide cost analysis information, such as yearly
savings, net present value, and payback period, for use alongside other information (e.g.,
performance data) to make decisions about implementation of the IRRIT system. The
ECAM®™ methodology was used to perform this analysis to the level necessary to ensure
the following types of information were included:

e Direct process costs, (e.g., labor, materials);
o Indirect costs (e.g., hazardous waste management and disposal); and
e Other cost data (e.g., data related to the maintenance interval that impacts costs).
The baseline process involves maintenance activities performed at NAVAIR
Jacksonville in which each P-3 aircraft is completely stripped and repainted
approximately every four years. The alternatives below are general models that use
available real world data but do not directly describe a particular weapon system.
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Condition-based Maintenance scenario involves changing maintenance from the
baseline approach of stripping 100% of every aircraft to one where several alternative
maintenance options are available based on condition of the aircraft. These options may
require a smaller surface area of the aircraft to be stripped and/or repainted. Use of the
IRRIT is required, because currently a pre-strip visual-based inspection method would
not provide accurate enough information on aircraft condition.

Maintenance Cycle Extension scenario involves changing the baseline
stripping/repainting maintenance from its current interval to adding an additional +1, +2,
+3, or +4 years to the maintenance cycle.

To understand the cost data for these usage scenarios, it is first important to outline them
in detail. This is done in Sections 5.1.1, 5.1.2, and 5.2.3.

5.1.1 Baseline Maintenance Procedure

Currently, P-3 aircraft undergo paint strip, corrosion treatment, and repaint at
NAVAIR Jacksonville. The baseline chemical stripping and repainting process of P-3
aircraft evaluated for this report was broken down into three basic steps that are generally
repeated every four years for each aircraft. Approximately 25 P-3 aircraft are processed
in this manner each year. As illustrated in Figure 5-1, each step generates air emissions
and wastes.

Emissions Emissions Emissions
1HAPS 1HAPS 1HAFPs
AVOCs 2VOCs 2V0Cs
Return
Aidrcraft to
P;D;;n Strip Prime Topcoat Cvmer
SIrraht | Adrcraft e Aircraft o Aircraft =
Wiaste Streams Wiaste Streams Vifasgte Streams
1 MNon-haz solid Waste 1 Non-haz solid 1HMon-haz solid
2Hazardous wraste Wiaste Vifaste
3Wastewrater 2Hazardous waste 2Hazardous waste
* Al aireraft processed on dyear interval. e AWideiater

Figure 5-1: Baseline Maintenance Process

In the first step, the aircraft is brought into the strip hanger, where it is secured,
stripped of paint using a chemical agent, and surface corrosion is treated. In the second
and third steps, the aircraft is taken to the paint hanger where the entire surface area is
primed and repainted. Significant costs for the baseline procedure include:
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Labor;

Materials;

Utilities; and

Environmental, Health, and Safety (EHS).

The costs for the baseline maintenance process will be broken out in detail in Section 5.2.

5.1.2 Alternative Scenario Description: Condition-Based Maintenance

In the condition based maintenance alternative scenario, it is assumed that when an

aircraft enters the depot on its regular maintenance cycle, the IRRIT system is used to
perform inspections to assess the actual amount of corrosion present on the aircraft. This
inspection is planned to occur during what is currently aircraft non-active wait time,
rather than on a critical path. Overall process flow would therefore not be affected.
Rather than the baseline scenario, where all P-3 aircraft are treated identically, condition-
based maintenance calls for one of four possible maintenance options. One of the
following options would be ordered by a qualified inspector based on the results of the
IRRIT inspection findings:

Full Strip — This is the same as the baseline process, with the exception of an
expanded inspection procedure. In a condition-based scenario, full-strip will be
used whenever over 30% of the aircraft shows signs of corrosion heavy enough to
require stripping to treat.

Scuff/Sand/Overcoat — In this procedure, intended for aircraft where corrosion is
relatively minor over less than 30% of the aircraft, only selected corroded areas
are scuffed and sanded to access the corroded portions of the aircraft substrate.
These areas are then treated. For the purposes of the cost analysis, it is assumed
that the area treated will constitute 25% of the surface area on average. The entire
aircraft is then primed, and painted with topcoat in accordance with normal
procedures.

Selected Strip — This option is intended for aircraft that exhibit heavy corrosion
that is limited less than 30% of the surface area. Only the heavily corroded areas
of the aircraft are stripped. For the purposes of the cost analysis, it is assumed
that the area treated will constitute 25% of the surface area on average. The
selected area is stripped, treated for corrosion, and then the entire aircraft is
primed and painted with topcoat in accordance with normal procedures.

Spot Repair — In this procedure, intended for aircraft where the corrosion is
minor, the aircraft is not stripped. Unlike the scuff/sand/overcoat procedure, no
large areas of the aircraft are scuffed to expose substrate. Instead individual
spots/locations where corrosion is detected are treated. These areas are expected
to be present over less than 15% of surface area of the aircraft and, for the
purposes of the cost analysis, are assumed to constitute 15% of the aircraft surface
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area. Unlike the other maintenance procedures, only the treated areas of the
aircraft are repainted.

The percentages of the baseline strip and repaint process required by each of the
alternative maintenance procedures are illustrated in Figure 5-2 below.

Full Strip & Paint
Strip C°Tr;g§'t°” - Cc’"c‘:":;f'c’” -  Prime Paint
Selected Strip & Paint
Strip C°Tr:gz't°” 002’::'0” 1 Prime Paint
25% 25%
Scuff and Overcoat
Scuff Sand CoTr;thon —1 Corgs;?mn — Prime Paint
25%
Spot/Touch-up Repair
Corrosion Conversion | | Prime Paint
Treat Coat
<15% <15%

Figure 5-2: Percentage of Baseline Labor and Materials Used in Alternatives

Historical data for condition-based maintenance on the H-53 aircraft was obtained
from Marine Corps Air Depot— Cherry Point (MCAD Cherry Point). The H-53 is
deployed in environments as harsh as or harsher than the P-3. Therefore, the H-53 data
was used to estimate the percentage and total numbers of medium sized aircraft that
would pass through each of the maintenance options on a yearly basis. Table 5-1, below,
illustrates these estimated percentages and numbers of aircraft using the P-3 fleet as a
baseline.
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Table 5-1: Estimated % of A/C Directed Through Four Condition-Based Maintenance Options

Aircraft Processed
Assuming 25 Aircraft per
Maintenance Option Population Distribution Year
Full Strip 50% 12.5
Scuff/Sand/Overcoat 40% 10
Selected Strip 5% 1.25
Spot Repair 5% 1.25

*Numbers remain fractional for purpose of average value per year calculation.

All of the condition-based maintenance scenarios other than full strip are less costly
than a full strip. Therefore condition-based maintenance could lead to a cost savings if
the reduction from conducting procedures other than full-strip are greater than the capital
and labor costs of inspecting each aircraft using the IRRIT system.

5.1.3 Maintenance Cycle Extension Scenario

It is assumed that the only change to the baseline maintenance activities under this
scenario will be the interval shift between stripping and repainting events. All other
maintenance activities will remain the same for the purpose of this scenario.

5.1.3.1 Current Method for Maintenance Period Determination

Because of the importance of preventing corrosion damage, aircraft strip and
repaint schedules are determined through a survey of a significant portion of the fleet in
the field by the weapons system engineer. NDI methods currently available for these
inspections are not fast or portable enough to inspect a significant portion of each
aircraft’s surface area, leaving the inspecting engineer(s) only the option of a visual
inspection.  Pre-strip, this visual inspection can only identify corrosion that has
progressed sufficiently to cause peeling or flaking of the aircraft topcoat. Consequently,
strip-and-repaint maintenance schedules are determined on an extremely conservative
basis, as it is difficult to track the speed, frequency, and nature with which corrosion is
forming underneath topcoat.

In coatings with a long history of implementation, this disadvantage can be
overcome by the cumulative experience over many years of inspecting aircraft as they are
stripped. However, a number of new coatings designed for longer wear life and
improved durability are being tested and/or implemented by the Navy and other service
branches. Without a history of observation to fall back on, strip and repaint cycles must
be estimated more conservatively.

5.1.3.2 Potential Influence of IRRIT System on Maintenance Cycle

The IRRIT system represents a unique opportunity to collect more accurate
corrosion data for the purposes of determining strip and repaint maintenance intervals.
While this technique could potentially be used on most aircraft models, this scenario
examines the potential costs and benefits of using information and experience gained
from use of the IRRIT technology as a decision-making tool in extending the
maintenance interval of a medium sized aircraft fleet. The following process assumptions
were made:
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e The IRRIT system is used to collect data that justifies extending the maintenance
cycle (i.e., 100% removal of the topcoat) from its current interval (baseline P-3 of
4 years) to either +1, +2, +3, or +4 year periods.

e Inspections utilizing an ergonomically packaged IRRIT system require time and
labor on the part of the inspecting engineer comparable to performing a detailed
visual inspection.

e Only a single IRRIT system will be required for its use as a decision-making tool.

e No economies of scale will be lost in the reduced number of aircraft stripped per
year.

Table 5-2 illustrates the estimated current and future number of aircraft stripped per
year for the baseline and calculated based off the baseline for the proposed interval shifts.
The baseline throughput quantity was provided by NAVAIR Jacksonville (25 aircraft per
year). Throughput quantities for the alternative scenarios were estimated by dividing the
current maintenance interval (4 years) by the new maintenance interval (+1, +2, +3, and
+4 years), multiplying the result by 25 (current aircraft per year), and rounding up. For
example, the calculation for throughput for the +3 year maintenance alternative is as
follows:

(4 yrs)/(7 yrs) * (25 aircraft/yr) = 15 aircraft/yr
To quantify potential impact to throughput, the numbers of P-3 aircraft stripped per
year was divided by the baseline quantity (25 aircraft/yr). This gives the percentage of
aircraft stripped per year for the alternative relative to the baseline (the baseline is 100%).
For example, assuming a +3 year depainting interval, the following calculation was
performed:
(15 aircraft/yr) / (25 aircraft/yr) = 60%

These percentages are also provided in Table 5-2.

Table 5-2: Estimated Annual Quantities of Aircraft Stripped

Depainting Number of Aircraft | Percentage of Baseline Aircraft
Interval Stripped per Year Stripped per year
Baseline Scenario ‘

4 Years (current) 100%

Alternative Scenarios

+1 Years 20 80%
+2 Years 17 68%
+3 Years 15 60%
+4 Years 13 52%
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Fewer aircraft processed per year could result in a reduced annual cost for stripping,
corrosion treatment, and repainting.

5.2 Cost Analysis

Cost data that was used for this economic analysis was accumulated throughout the
Dem/Val of the P-3 at NAVAIR Jacksonville. Additionally, information on the current
P-3 stripping and coating operations was obtained with cooperation from NAVAIR
Jacksonville. Costs for the IML scenario described in Section 5.2.8 were based off of P-3
strip and repaint costs.

5.2.1 Cost of Demonstration

There was no significant demonstration cost occurred at the Dem/Val sites because
the IRRIT system did not alter the baseline process for the aircraft surveyed and work
was conducted on a non-interference basis around the maintenance schedule.

5.2.2 Baseline Cost Analysis

The cost categories considered for the baseline process were labor, materials,
utilities, and EHS costs. As no new equipment was required for the baseline process, no
capital costs for the baseline were noted. Equipment costs were not included in the
baseline because alternate scenarios would only cause some equipment to be used less
often, not eliminate it entirely. The cost of stripping and repainting capital equipment
therefore remains the same across baseline and alternate scenarios. Additional cost
savings might occur due to extension of equipment life, but the analysis will first
consider if the scenarios as given show cost savings without factoring in such third tier
costs.

Table 5-3, Table 5-4, and Table 5-5 illustrate the data and assumptions used to
estimate costs for the baseline process. Table 5-3 illustrates the hours of labor allowed by
P-3 work instructions for each step of the strip and repaint process, and converts these
labor hours into a dollar value using the baseline labor rate. Table 5-4 illustrates costs of
materials and utilities for each aircraft stripped and repainted. Table 5-5 illustrates
disposal costs for the hazardous wastes being produced. Table 5-6 illustrates the sum total
of all reoccurring costs, Table 5-7 illustrates the VOC emissions produced by each P-3
aircraft processed, and Table 5-8 illustrates the chromate usage.
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Table 5-3: Baseline Labor Requirements

Category Qty. Units Source

Lapor to chemical . 547 | hrs/ aircraft NAVAIR Jacksonville

strip/ID/treat corrosion

Labor to prime aircraft 92 | hrs/ aircraft NAVAIR Jacksonville

Labor to paint/seal aircraft 201 | hrs/ aircraft NAVAIR Jacksonville

Labor to paint aircraft 474 | hrs/ aircraft NAVAIR Jacksonville

Sub-Total of labor 1,314 | hrs/ aircraft Calculated

65.00 | $/hr Generic burdened rate. Not specific to any depot.

Labor Rate This rate was calculated using a partially burdgned
amount to include standard benefits (e.g., medical,
vacation).

Cost per Aircraft 85,397* | $/ aircraft Calculated

*Note that quantities were calculated to four decimal places but in table have been rounded to the nearest whole
number. This may result in slight discrepancies in sums.

As illustrated in Table 5-3, over 1300 man-hours of labor are required for each P-3
aircraft stripped and repainted. These ours include all secondary required labor such as
moving the aircraft from location to location and preparing set up and take down
equipment. Using a generic burdened labor rate of 65 dollars per hour the labor cost per
aircraft to strip and repaint a P-3 is $85,410. The impact of varying the labor rate is
discussed further in Section 5.2.6.

Table 5-4 illustrates the cost of materials and utilities required to strip and repaint a
P-3 aircraft.

Table 5-4: Baseline Materials and Utilities Cost Data and Assumptions
Catego Qt Units Source
Materials ‘

Aluminum/Barrier Tape 1,000 | $/aircraft NAVAIR Jacksonville - June 2006
Stripper, De-sealant, Grinder,
Solvent, Soap, Bead, and 11,749 | $/aircraft NAVAIR Jacksonville - June 2006
Sanding Disk Material
Priming and Sealing Material 4,370 | $/aircraft NAVAIR Jacksonville
Report on P-3 Chemical Strip
Paint 3,614 | $/aircraft Materials & Cost Data, authored by
T. Cowherd, NAVAIR Jacksonville
Miscellaneous 500 | $/ aircraft Engineering estimate
Total Materials 21,233" | $/aircraft Calculated
Electric/Steam $1.00 | $/hr Per T. Cowherd report
Production Hours 144 | hrs/aircraft Per T. Cowherd report
Total Utilities 144 | $/aircraft Calculated

*Note that quantities were calculated to four decimal places but in table have been rounded to the nearest whole
number. This may result in slight discrepancies in sums.

Table 5-5 illustrates the disposal costs for wastes generated by stripping and
repainting a P-3 aircraft. Note that because NAVAIR Jacksonville remains underneath
its VOC emissions limits, there is no direct economic cost per unit of individual VOC
emission. VOC emissions are therefore considered separately in Table 5-7 from a purely
environmental perspective.



Table 5-5: Baseline EHS Cost Data and Assumptions

Category Qty. Units Source of Assumptions
lmpact, Alum Mask Tapes per 600 | Ibs/ aircraft Environmental Engineering Office ($l .03/1b
aircraft disposal)
Glass Bead Media 7.800 | Ibs/ aircraft Environmental Engineering Office ($1.03/lb
disposal)
Wastewater: Hazardous Waste 114 | lbs/ aircraft Environmental Engineering Office ($1'03/1b
disposal)
Subtotal 8,514 | Ibs/ aircraft Calculated from Tapes, Glass Bead, and
Haz. Wastewater
Subtotal — Disposal Cost 8,769 | $/aircraft Calculated from $1.03/1b
Wastewater: Sludge 1,638 | Ibs/ aircraft Environmental Engineering Office ($0.45/lb
disposal)
Wagtewater: Liquid Waste 1,121 | Ibs/ aircraft Environmental Engineering Office ($0.45/lb
(Brine) disposal)
Subtotal 2,759 | Ibs/ aircraft Calculated from Tapes, Glass Bead, and
Haz. Wastewater
Subtotal — Disposal Cost 1,242" | $/aircraft Calculated from $0.45/1b
Wastewater generated requiring . Environmental Engineering Office
treatment 15,000 | gal/ aircraft ($0.8520/gallon disposal)
Sl}btotal — Wastewater 12,780 | $/aircraft Calculated from $0.8520/gallon
Disposal Cost
Due to NAVAIR Jacksonville remaining
VOC Emissions unit cost $0 | $/ton under its emissions limit, there is no dollar
cost
Subtotal (EHS) 22,791* $/aircraft Calculated
Total Ibs hazardous waste q
generated L) | e s Calculated

*Note that quantities were calculated to four decimal places but in table have been rounded to the nearest whole
number. This may result in slight discrepancies in sums.

Table 5-6 illustrates the total baseline costs of an aircraft strip and repaint per aircraft.

Table 5-6: Total Baseline Strip and Repaint Costs

Category Qty. Units Source of Assumptions
Labor 85,397 | $/aircraft Table 5-3

Materials 21,233 | $/aircraft Table 5-4

Utilities 144 | $/aircraft Table 5-4

EHS 22,791 | $/aircraft Table 5-5

Total 129,565 | $/aircraft Calculated

As can be seen, aircraft strip and repaint is a labor-intensive process, with labor
comprising over 60% of the cost per aircraft. EHS costs are also considerable, as many
of the hazardous wastes created during the process must be disposed of properly. These
costs are incurred each time a P-3 is stripped. If the rate of aircraft being stripped is
reduced, or if some are allocated to less intensive corrosion-treatment processes, then

there is significant potential for cost savings.

alternative scenario cost analyses.

This will be discussed further in the

Though not considered as a dollar value, Table 5-7 illustrates the VOC emissions
from the painting and stripping materials used. These were calculated from the usage
numbers give by NAVAIR Jacksonville and the Material Safety Data Sheet (MSDS) for
As illustrated in Table 5-7, the chemical stripper, Turco 6881, is

each material.




responsible for the majority of VOCs released during the baseline strip and repaint
process.

Table 5-7: Baseline VOC Emissions

Material vVOC Used/aircraft VOCs/ aircraft
(Ibs/gallon) (gallons) (Ibs)

Chemical Stripper: Turco 6881 6.38 450 2,873
Primer: MIL-PRF-85582, TY 1,

Class C1 3.22 40 129
Sealant: AMS 3276 0.29 4.24 1.23
Topcoat: MIL-PRF-85285, TY I 3.31 50 166
Solvent: TT-T-2935 6 42.5 255
Total N/A N/A 3423

*Note that quantities were calculated to two decimal places but in the indicated cell have been rounded to
the nearest whole number. This may result in slight discrepancies in sums.

In addition to the VOC emissions, the MIL-PRF-85582D Deft primer used on P-3
aircraft contains 0.6 Ibs/hexavalent chromium per gallon. Regulatory drivers (see Section
1.3) mandate that used of chromate containing materials be minimized in order to protect
against worker exposure. Total pounds of chromate in primer applied to aircraft are
illustrated in Table 5-8 below.

Table 5-8: Baseline Chromate Use

Material Chromates Used/aircraft Chromate/ aircraft
(Ibs/gallon) (gallons) (Ibs)

Primer: MIL-PRF-85582, TY I, Class C1 0.6 40 24

In previous tables, costs and emissions have been given per aircraft stripped and
repainted. Under the baseline scenario, 25 P-3 aircraft will be stripped and repainted per
year. Table 5-9 illustrates the annual baseline costs and environmental emissions for the
baseline process.

Table 5-9: Baseline Costs Per Year
Category Baseline (per Units Baseline (25 Units
aircraft) P-3/ year)
Capital Costs N/A N/A N/A \
A O
Annual Operating and Maintenance (O&M)
Costs

Labor 85,397 | $/aircraft 2,134,925 | $/year

Materials 21,233 | $/aircraft 530,829" | $/year

Utilities 144.00 | $/aircraft 3,600 | $/year

EHS 22,791 | $/aircraft 569,774 $/year

TOTAL 129,565" | $/aircraft 3,239,128" | $/year

VOC Release 3,423 | lbs VOC /aircraft 85,577" | Ibs VOC /year
Total Ibs chromates applied 24 | Ibs chromate /aircraft 600 | 1bs chromate /year
Lol i andusiuaste 11,273 | lbs haz waste/ aircraft 281,825 | Ibs haz waste/ year
generated

*Note that quantities were calculated to four decimal places but in table have been rounded to the nearest whole number. This
may result in slight discrepancies in sums.
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5.2.3 Condition-based Maintenance Scenario Cost Analysis

As discussed in Section 5.1.1, a potential condition-based maintenance scenario
would cause each medium sized aircraft to undergo one of four alternate maintenance
options. The maintenance option recommended for each aircraft under this alternative is
based on the condition of the aircraft. As these options are only theoretical, the costs
calculated for each are estimates based on discussions with NAVAIR Jacksonville. For
the majority of the processes, the costs are estimated by beginning with the baseline and
omitting or reducing in scope certain steps. Only in the Scuff/Sand/Overcoat process is a
new step created in which selected areas of the aircraft are sanded and scuffed instead of
stripped.

Per NAVAIR Jacksonville, the requirement for condition-based maintenance is that
70% of the OML be scanned in a single shift of 8 hours. Given the surface area of the P-
3 and the estimated scan rate for an ergonomic IRRIT of 280 sq. ft./hour, it was
calculated that this would require two IRRIT systems. Consequently, the capital cost of
for condition-based maintenance is calculated as requiring purchase of two IRRIT
systems.

Table 5-10 illustrates the capital costs and maintenance costs associated with
implementing a single IRRIT camera system. These costs were then used to determine
the cost of purchasing two IRRIT systems in Table 5-11.

Table 5-10: Single IRRIT System Cost

Catego Quantit Units Source of assumptions
Training Costs (Capital Cost)

Number of personnel to 4 | persons NAVAIR Jacksonville
train on system
Hours required for initial ] hrs/person Estimated by Northrop Grumman
training
Total Training Labor 32 | hrs/camera system Calculated
Training Labor Cost 2,080 | $/training session Calculated at labor rate of $65/hr
Cost to purchase training 15,000 | $/training Estimated by Northrop Grumman
Subtotal (training) 17,080 | $/training Calculated
Camera, filter, lenses 64,000 | $/system Northrop Grumman
Software 5,000 | $/system Northrop Grumman
Laptop computer 5,000 | $/system Northrop Grumman
[llumination System 1,000 | $/system Northrop Grumman
Camera tripod head 100 | S$/tripod Northrop Grumman
Camera Vest/backpack 2,100 | $/vest Northrop Grumman
Heads up display 2,000 | $/elasses Northrop Grumman
eyeglasses
LCD small display 400 | $/LCD Northrop Grumman
Data transfer cables (set) 8,000 | $/set Northrop Grumman
Subtotal (Equipment) 87,600 | $/camera system Calculated
Engineering estimate based on 10% of
Maintenance Costs 8,760 | $/year AL G (R ULIID EEICEL I T Loy
Northrop Grumman




Table 5-11 illustrates the capital and equipment maintenance costs for the two
IRRIT systems estimated as required for conducting condition-based maintenance.

Table 5-11: Alternative Capital & Equipment Maintenance Costs

Source of Assumptions

Equipment (Capital Cost)

IRRIT System

Cameras (2) 175,200 | §
Training Costs (Capital Cost)

Training Subcon & 17,090 | $

Labor

Equipment Maintenance Cost (Annually Reoccurring Cost)

17,520

Calculated cost for two cameras; from single
camera cost in Table 5-10.

As per Table 5-10. (No increased cost for
multiple cameras.)

Calculated cost for two cameras; from single

Maintenance Costs camera cost in Table 5-10.

$/year

Table 5-12, Table 5-13, and Table 5-14 illustrate the potential costs for each of the
procedures in the condition-based scenario. Table 5-12 illustrates equipment labor costs,
Table 5-13 illustrates materials and utilities costs, and Table 5-14 illustrates EHS costs.

The source of all assumptions is data provided from NAVAIR Jacksonville.

Table 5-12: Condition-Based Maintenance Labor Requirements

Category Full Scuff/ Selected Spot Units Source
Strip Sand Strip Strip
Labor for 70% surface 4,550 sq. ft. inspected
inspection with IRRIT 33 33 33 33 Hours/ and 280 sq.ft./hr.
system (P-3 has 6500 sq. aircraft inspection rate for 2
ft. surface area) workers
Labor hours to chemical Hours/ NAVAIR
strip/ID/treat corrosion per 547 78 168 28 | . Jacksonville
. aircraft

aircraft

L_abor hours to prime 9 9 9 23 Hours/ NAVAIR
aircraft aircraft Jacksonville
L'abor hours to paint/seal 202 202 202 49 Hours/ NAVAIR
aircraft aircraft Jacksonville
Lgbor hours to paint 474 474 474 34 Hours/ NAVAIR
aircraft aircraft Jacksonville
Sub-total Labor (hrs) 1347° 878" 968" 221" | Hours/ Calculated

aircraft

Sub-Total Labor (at * $/ Calculated based on
$65/hr labor rate) il S e kB aircraft $65/hr rate.

*Note that quantities were calculated to four decimal places but in table have been rounded to the nearest whole
number. This may result in slight discrepancies in sums.

As can be seen, the different maintenance procedures vary greatly in the amount of
labor required on a per aircraft basis and hence on the cost required on a per aircraft
basis. It is in this drastic reduction of labor required that provides most of the potential
cost-savings.

Table 5-13 illustrates the estimated materials, equipment maintenance, and utilities
costs for each of the maintenance procedures. Note that material costs are estimates
based on anticipated P-3 aircraft surface area to be stripped, assuming correspondence to
full strip and repaint needs. Even thought the procedures will differ, the material costs
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for scuff/sand and selected strip are assumed to be about the same as a rough estimate.
As the same cycle time (144 hours) is allotted to every scenario, the utility usage does not

change.

Table 5-13: Condition-Based Materials and Utilities Cost Data and Assumptions

Category

Materials/ Equipment for

stripping, priming, and painting

Full Strip

Cost

Scuff/Sand

Cost

(25% of full
strip stripping,
100% repaint)

Selected Strip
Cost
(25% of full
strip stripping,
100% repaint)

Spot Strip
Cost
(No strip,
15%
repaint)

Units

Total Aluminum/Barrier Tape 1000 250 250 0.00 | $/ aircraft
Costs

Total Stripper, De-sealant,

Grinder, Solvent, Soap, Bead, and 11,749 2,937 2937 1762 | $/ aircraft
Sanding Disk Material Costs

Total Priming and Sealing 4370 4370 4370 655 | §/ aircraft.
Material Costs

Total Painting Material Costs 3615 3615 3615 542 | §/ aircraft
Miscellaneous Materials 500 500 500 75 | $/ aircraft
Subtotal (Materials) 21,233 11,671 11,671 3,035" | $/ aircraft
Utilities \
Electric/Steam 144 144 144 144 | hours/ aircraft
Subtotal (Utilities); at $1/hour 144 144 144 144 | $/ aircraft

*Note that quantities were calculated to four decimal places but in table have been rounded to the nearest whole
number. This may result in slight discrepancies in sums.

Table 5-14 illustrates EHS costs for the alternate condition-based maintenance

procedures.

Note that EHS costs are estimates based on anticipated P-3 materials

requirements for alternative scenarios, assuming correspondence to full strip and repaint

needs.

Table 5-14: Condition-Based EHS Costs

Category Full Strip Scuff / Selected Spot Strip Units
Cost Sand Cost Strip Cost Cost

Impact, Alum Mask Tapes 600 150 150 90 | lbs/ aircraft
Glass Bead Media 7,800 - 7,800 - | 1bs/ aircraft
Wastewater: Hazardous Waste 114 114 114 17 | Ibs/ aircraft
Subtotal 8514 264 8064 107 | lbs/ aircraft
Subtotal — Disposal cost $1.03/1b 8769" 272" 8,306 110" | $/aircraft
Wastewater: Sludge 1,638 1,638 1,638 246 | lbs/ aircraft
Wastewater: Liquid Waste (Brine) 1,121 1,121 1,121 168 | lbs/ aircraft
Subtotal 2759 2759 2759 414 | lbs/ aircraft
Subtotal — Disposal cost $0.45/lb 1242 1242 1242 186" | $/aircraft
Wastewater requiring treatment 15,000 1,875 7,125 750 | gallons/ aircraft
Subtotal — Wastewater Disp. " * .
cost $0.8520/gal P 12,780 1598 6071 639 | $/aircraft
VOC Emissions unit cost 0 0 0 0 | $/ton
Subtotal (EHS) 22,791 3,111° 15,618" 936" | $/aircraft
Total Ibs hazardous waste Ibs/ aircraft
generated 11,273 3,023 10,823 521

*Note that quantities were calculated to four decimal places but in table have been rounded to the nearest whole
number. This may result in slight discrepancies in sums.



Table 5-15 combines the information from the above tables to provide the cost per
aircraft of each of the condition-based maintenance alternatives.

Table 5-15: Cost Per Aircraft of Condition-Based Maintenance

Category Full Strip Scuff/Sand Selected Strip Spot Strip Units
Cost/ Aircraft Cost/Aircraft Cost/Aircraft Cost/
Aircraft

Labor 87,509 57,006 62,897 14,355 | $/aircraft
Materials 21,233 11,671 11,671 3,035 | $/aircraft
Utilities 144 144 144 144 | $/aircraft
EHS 22,791 3,111 15,618 936 | $/aircraft
Total 131,678 71,933* 90,330* 18,470 | $/aircraft

*Note that quantities were calculated to four decimal places but in table have been rounded to the nearest whole number. This
may result in slight discrepancies in sums.

Table 5-16 illustrates the total cost per aircraft for condition-based maintenance and
multiplies it by the number to aircraft processed per year to determine the costs if all
aircraft were processed by that maintenance procedure. This total is then multiplied by
the actual expected percentage of aircraft that year to undergo each process to determine
the expected total costs per year from that condition-based maintenance process.

Table 5-16: Total Procedure Costs

Category Full Strip Cost/ Scuff/Sand Cost/ Selected Strip Spot Strip Cost/
Aircraft Aircraft Cost/ Aircraft Aircraft

Total (Labor, Materials, * *
Utilities, EHS) $131,678 $71,933 $90,330 $18,470
Aircraft per year 25
Cost if all 25 aircraft were
treated with procedure $3,291,950" $1,798,325" $2,258,250" $461,750"
Percentage of aircraft per year
(see Table 5-1) 50% 40% 5% 5%
Cost per Year $1,645,971* $719,331* $112,913* $23,087*

*Note that quantities were calculated to four decimal places but in table have been rounded to the nearest whole number. This
may result in slight discrepancies in sums.

Table 5-17 illustrates the capital cost from condition-based maintenance and sums
the annual costs of each condition-based maintenance scenario to determine the total
operating cost of the condition-based maintenance alternative, compared to the baseline.

Table 5-17: Capital and Annual Cost of Condition-Based Maintenance

Categor Quantit
Capital Costs

Equipment Cost $175,200
Training Cost $17,080
Total Capital Cost $192,290
Full Strip $1,645,971
Scuff/Sand $719,331
Selected Strip $112,913
Spot Strip $23,087
Equipment Maintenance $17,520
Total Condition-Based Maintenance Annual Costs $2,518,822




Table 5-18 illustrates the simple pay-back period for condition-based maintenance,
comparing the capital cost and total annual cost in Table 5-17 against the baseline annual
cost of $3,239,128 illustrated in Table 5-6.

Table 5-18: Condition-Based Maintenance Simple Pay-back Period

Simple Payback Period
Baseline (per year) $3,239,128
Condition-based $2,518,822
Annual Savings (Loss) $720,306"
Simple payback on Capital 0.27 years
cost ($192,290)

*Note that quantities were calculated to four decimal places but
in table have been rounded to the nearest whole number. This
may result in slight discrepancies in sums.

As can be seen in Table 5-18, assuming condition-based maintenance practices
were implemented, then even with the cost of purchasing and maintaining two IRRIT
systems and an extra inspection labor cost added to each aircraft, potential condition-
based maintenance using IRRIT would be expected to pay for itself in a single year. A
more extensive life cycle analysis is illustrated in Section 5.2.7.

Table 5-19 illustrates the estimated condition-based VOC emissions per aircraft in
the baseline and condition-based maintenance alternative processes. Because several of
the alternative methods require a reduced amount of chemical stripper and in some cases
a reduced amount of paint, the quantity of VOCs released is greatly reduced. These
numbers are estimates based on an anticipated percent reduction in required material.

Table 5-19: VOC Emissions per Aircraft for Condition-Based Processes

Material Baseline Usage Usage Usage Usage
VOCs/ Full Strip (Ibs) Scuff/ Selected Spot
aircraft (Ibs) Sand (Ibs) Strip (Ibs) | Strip (Ibs)

Chemical Stripper:
Turco 6881 2,873 2,873 0 718 0
Primer: MIL-PRF-
85582, TY I, Class 129 129 129 129 19.3
Cl
Sealant: AMS 3276 1.23 1.23 1.23 1.23 0.18
Topcoat: MIL-PRF-
85285, TY I 166 166 166 166 24.8
Solvent: TT-T-2935 255 255 0 63.8 0
Total 3423 3423 296 1077 44"

*Note that quantities were calculated to four decimal places but in table have been rounded to the nearest
whole number. This may result in slight discrepancies in sums.

Table 5-20 illustrates the estimated hexavalent chromium used in primer coating
applied per aircraft in the baseline and condition-based maintenance alternative
processes. Because the spot strip application would utilize less primer, the quantity of
chromium utilized would be somewhat reduced. These numbers are estimates based on
an anticipated percent reduction in required material.
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Table 5-20: Hexavalent Chromium Applied

Baseline (1bs) / Usage Usage Usage Usage
aircraft Full Strip (Ibs) Scuff/ Selected Spot
/ aircraft Sand (Ibs) / aircraft Strip (Ibs) / Strip (Ibs) /
aircraft aircraft
24 24 24 24 3.6

Table 5-21 illustrates anticipated total VOC emissions, hexavalent chromium use,

hazardous waste, and wastewater produced per year under the

maintenance alternative.

Table 5-21: Condition-Based EHS Emissions

condition-based

Emissions Generated Usage Usage Usage Usage
Full Strip/ Scuff/ Selected Spot
Aircraft Sand / Strip / Strip /
aircraft aircraft aircraft
VOC per aircraft (Ibs) 3423 295.5 1077.4 44.3
Chromates per aircraft (Ibs) 24 24 24 3.6
Hazardous Waste per aircraft (Ibs) 11,273 3,023 10,823 521
Aircraft per year 25
Percentage of aircraft per year (see
Table 5-1) 50% 40% 5% 5%
VOC Emissions/year (Ibs) 42,788 2,955 1,347 55
Total VOC Emissions/year (Ibs) 47,146
Hexavalent chromium used/year 300 30 240 5
(Ibs)
Total Chromium used (Ibs) 575
Hazardous waste/year (Ibs) 140,913 | 30,230 | 13,529 | 651
Total Hazardous waste/year (Ibs) 185,323

Table 5-22 illustrates the

annual VOC emission, hexavalent chromium use,

hazardous waste, and wastewater savings between condition-based maintenance and the

baseline process.

Table 5-22: Baseline vs. Condition-Based VOC Emissions

Category Baseline Condition-based Annual Savings
VOClyear 90,407 1bs 47,146 lbs 38,431 lbs
Hexavalent chromiums/year 600 Ibs 575 lbs 25 lbs
Hazardous waste/year 281,825 lbs 185,323 Ibs 96,502 lbs
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5.2.4 Maintenance Cycle Extension Scenario Cost Analysis

As discussed in Section 5.1.3, scenarios where IRRIT inspection data was used to
shift the maintenance interval would not involve altering the baseline maintenance
process. As proposed, only the frequency with which the maintenance process is carried
out would be altered. The only additional costs anticipated are those associated with the
purchase and use of one IRRIT camera system as an evaluation tool. Because the
information being gathered for interval shift is derived from a weapons system engineer
taking the camera into the field and using it to inspect in-service aircraft, multiple
cameras are not required under this scenario. Labor for inspections in not considered,
since it is assumed time would be spent gathering data in the field due to use of the
IRRIT system would be equivalent to the visual inspection that would be performed if the
IRRIT was unavailable.

A cost comparison and life-cycle cost analysis was conducted on this scenario. As
was illustrated in Table 5-10, the capital cost for a single IRRIT camera system (total of
training costs and equipment costs) is estimated to be approximately $105K. In addition,
the camera will add a continuing yearly camera maintenance cost of $8,760.

Table 5-23 illustrates the capital costs and yearly operating costs of the baseline
compared to potential maintenance cycle extensions created through use of the IRRIT

system.

Table 5-23: Maintenance Cycle Extension Cost Comparison

Baseline (25 +1 Year +2 Year +3 Year +4 Year
aircraft (20 aircraft (17 aircraft (15 aircraft /year (13 aircraft
/year) /year /year) /year)
Capital Costs \
Equipment $0 $87,600 $87,600 $87,600 $87,600
Training $0 $17,080 $17,080 $17,080 $17,080
Annual O&M
Costs
EZZ?;./ $2,134,925 $1,716,700 $1,460,509 $1,289,715 $1,118,921
Materials $530,829 $424,663 $360,964 $318,498 $276,031
Utilities $3,600 $2,880 $2,448 $2,160 $1,872
EHS $569,774 $455,819 $387,446 $341,865 $296,283
TOTAL $3,239,128" $2,600,063 $2,211,367 $1,952,237 $1,693,107
VOC Release 85,577 Ibs” 68,461 lbs 58,192 lbs 51,346 lbs 44,500 lbs
Hexavalent
Chromium 600 Ibs 480 Ibs 408 1bs 360 Ibs 312 Ibs
applied
Total Ibs
hazardous waste 281,825 Ibs 225,460 1bs 191,641 lbs 169,095 lbs 146,549 lbs
| generated

*Note that quantities were calculated to four decimal places but in table have been rounded to the nearest whole
number. This may result in slight discrepancies in sums.
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Table 5-24 illustrates the simple pay-back period for condition-based maintenance,
comparing the capital cost and total annual cost in Table 5-17 against the baseline annual
cost of $3,239,128 illustrated in Table 5-23. It also illustrates the annual environmental
savings in VOC, chromates, solid waste, and wastewater emissions if an interval shift
were to occur.

Table 5-24: Maintenance Cycle Extension Payback Period and EHS Savings

+1 Years +2 Years +3 Years +4 Years
Annual Savings/(Loss) $639,066 $1,027,761 $1,286,891 $1,546,022
Simple Payback (yrs) 0.16 0.10 0.08 0.07
Annual VOC savings (Ibs) 17,115 27,384 34,231 41,077
Annua.l Hexavalent Chromium use 120 192 240 288
reduction (Ibs)
Annual (Ibs) waste savings 56,365 90,184 112,730 135,276
Annual (gal) wastewater savings 75,000 120,000 150,000 180,000

5.2.5 Scenario-Based EHS Savings

As discussed in previous sections, the alternative scenarios could result in
considerable EHS savings. These savings have been rendered graphically below, based
on information previous presented.

The annual VOC emissions and the alternative scenarios for a medium-sized
aircraft (using P-3 as a baseline) are compared graphically in Figure 5-3 below (rationale
for Figure 5-3 can be found in Table 5-24).
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Figure 5-3: Annual VOC Emissions for Alternative Scenarios
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The annual hexavalent chromate use in the alternatives scenarios is illustrated graphically
in Figure 5-4 (rationale for Figure 5-4 can be found in Table 5-24).
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Figure 5-4: Annual Hexavalent Chromate Use for Alternative Scenarios

Annual hazardous waste generated in the alternatives scenarios are illustrated graphically
in Figure 5-5 below (rationale for Figure 5-5 can be found in Table 5-24).
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Figure 5-5: Annual Hazardous Waste Produced in Alternative Scenarios
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5.2.6 Impact of Varying Labor Rate

A burdened labor rate is often used to account for various other costs incurred by
the employer to maintain a competent team of personnel. For example, in addition to
paying for salaries or hourly wages, the employer must also cover costs for medical
benefits, training, administrative tasks (e.g., annual reviews), and more. In addition to
these costs, some employers can also factor in material and utility costs to determine a
“shop rate” to recuperate sufficient funds to stay in business.

Due to the nature of this IRRIT task, many of the material and utility costs have
been accounted for elsewhere in an effort to estimate cost savings by reducing certain
costs. For example, materials such as paint and blast media have been captured, as well
as utilities and EHS costs such as wastewater treatment. Often times, due to the
competitive nature of various businesses and the fact that personal salaries may be
involved, these rates can be sensitive. To accommodate for the sensitive of labor and
shop rates, and to avoid the possibility of double-counting costs for items such as
materials and utilities, an estimated value of $65 per hour was used that would include
salary and benefits, but exclude material and utility costs already accounted for in other
data collection efforts.

However, due to the significance of the labor rate on the overall cost assessment, a
more in-depth analysis was conducted to evaluate impact that the labor rate has on three
of the financial indicators calculated in this cost assessment: Annual Savings, Payback
Period, and Savings per Aircraft. The labor rate was varied from a low of $45 per hour to
a high of $100 per hour. Table 5-25 and Table 5-26 illustrate the values for the three
financial indicators for each labor rate, which was adjusted in $5 increments. An
example of annual savings based on a $65 labor rate from Table 5-25 can be found in
Table 5-24. Values are illustrated for each of the four possible increases in maintenance
cycles, from the standard cycle to increase of 1 to 4 years.

Table 5-25: Impact of Labor Rate on Savings for +1 and +2 Year Interval Shift

+ 1 Year +2 Years
Labor Rate Annual Payback Savings per Annual Payback Savings per
Savings Period (years) Aircraft Savings Period (years) Aircraft

$45 $507,686 0.20 $2,744.25 $817,553 0.13 $4,419.21
$50 $540,531 0.19 $2,921.79 $870,105 0.12 $4,703.27
$55 $573,376 0.18 $3,099.33 $922,657 0.11 $4,987.34
$60 $606,221 0.17 $3,276.87 $975,209 0.11 $5,271.40
$65 $639,066 0.16 $3,454.41 $1,027,761 0.10 $5,555.47
$70 $671,911 0.16 $3,631.95 $1,080,313 0.10 $5,839.53
§75 $704,756 0.15 $3,809.49 $1,132,865 0.09 $6,123.60
$80 $737,601 0.14 $3,987.03 $1,185,417 0.09 $6,407.66
$85 $770,446 0.14 $4,164.57 $1,237,969 0.09 $6,691.72
$90 $803,291 0.13 $4,342.11 $1,290,521 0.08 $6,975.79
$95 $836,136 0.13 $4,519.65 $1,343,073 0.08 $7,259.85
$100 $868,981 0.12 $4,697.19 $1,395,625 0.08 $7,543.92
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Table 5-26: Impact of Labor Rate on Savings for +3 and +4 Year Interval Shift

+3 Years +4 Years
Labor Rate Annual Payback Savings per Annual Payback Savings per
Savings Period (years) Aircraft Savings Period (years) Aircraft

$45 $1,024,131 0.10 $5,535.85 $1,230,710 0.08 $6,652.48
$50 $1,089,821 0.10 $5,890.93 $1,309,538 0.08 $7,078.58
$55 $1,155,511 0.09 $6,246.01 $1,388,366 0.08 $7,504.68
$60 $1,221,201 0.09 $6,601.09 $1,467,194 0.07 $7,930.78
$65 $1,286,891 0.08 $6,956.17 $1,546,022 0.07 $8,356.87
$70 $1,352,581 0.08 $7,311.25 $1,624,850 0.06 $8,782.97
§75 $1,418,271 0.07 $7,666.33 $1,703,678 0.06 $9,209.07
$80 $1,483,961 0.07 $8,021.41 $1,782,506 0.06 $9,635.17
$85 $1,549,651 0.07 $8,376.49 $1,861,334 0.06 $10,061.26
$90 $1,615,341 0.07 $8,731.58 $1,940,162 0.05 $10,487.36
$95 $1,681,031 0.06 $9,086.66 $2,018,990 0.05 $10,913.46
$100 $1,746,721 0.06 $9,441.74 $2,097,818 0.05 $11,339.55

The results of Table 5-25 and Table 5-26 are illustrated graphically in the following
figures. Figure 5-6, Figure 5-7, and Figure 5-8 illustrate Labor Rate vs. Annual Savings,
Payback Period, and Savings per Aircraft, respectively.
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Figure 5-6: Annual Savings vs. Labor Rate
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Figure 5-6 illustrates that, as the labor rate increases, so does the estimated annual
savings. This is due to the fact that savings related to labor are anticipated when the
IRRIT camera is implemented and/or when the maintenance cycle is increased.
Therefore, as labor rates increase, the potential for savings related to labor costs also
increases. The amount of savings for the 1-year increase in maintenance cycle is
significant moving from about $500,000 to nearly $900,000 — an increase of about
$400,000. This increase becomes more substantial for each incremental increase in the
maintenance cycle. At the 4-year cycle, the values range from just over $1 million to
over $2 million, which is an increase of $1 million.
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Figure 5-7: Payback Period vs. Labor Rate
Figure 5-7 illustrates that the payback period decreases as labor rate increases. This

is logical because annual savings increase with the rising labor rate, so the time required
recovering the capital investment is expected to be reduced.
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Savings per Aircraft vs. Labor Rate
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Figure 5-8: Savings per Aircraft vs. Labor Rate

As was the case with Annual Savings, the Figure 5-8 illustrates the Savings per
Aircraft also increases with the labor rate. As noted previously, this is expected because
labor is expected to be saved by using the IRRIT camera and/or increasing the
maintenance cycle. The expected savings by increasing the cycle one year is significant
(ranging from about $3,000 to $4,500), and if the maintenance cycle increase to four
years, the estimated savings is expected to more than double (ranging from about $6,500
to over $11,000).

5.2.7 Life Cycle Analysis

In addition, a life cycle cost analysis was carried out on the IRRIT system for the
condition-based maintenance alterative and interval shift alternative. Note that the
maintenance interval extension analysis will hold true only for weapon systems where the
actual condition of the fleet, as revealed by IRRIT inspection, allows an interval shift.

Per data from the manufacturer, an IRRIT camera is estimated to have a service life
of 8000 hours (the internal IR camera detector compressor has a lifetime of 8000 hours).
In the condition-based scenario, no more than 8 hours is spent on inspecting with a single
camera on any single P-3 aircraft, and no more than 25 aircraft would pass through the
facility per year. This would lead to a camera working life of 40 years. As per ESTCP
guidance for weapon systems and platforms technology, this has been shortened to a 15-
year life-cycle.
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Table 5-27 illustrates the 15 year Life Cycle.

Table 5-27: 15 Year Life Cycle

Alternative Capital Cost Annual Cost Life Cycle Cost Life Cycle Cost
Savings

Baseline $0 $3.239,128 $48,586,920 -
Condition-Based $192,290 $2,518,822 $37,782,330 $10,804,590
Maintenance
+1 Year Interval $104,680 $2,600,063 $39,000,942 $9,585,985
+

2 Year Interval $104,680 $2.211,367 $33,170,511 $15.416,417
+3 Year Interval $104,680 $1,052,237 $29,283,556 $19,303 371
+4 Year Interval $104,680 $1,693,107 $25,396,602 $23,190,325

Three performance measures were considered in the ECAM evaluation: payback
period, Net Present Value (NPV), and Internal Rate of Return (IRR). The payback period
is the time required to recover all of the capital investment with future cost avoidance.
NPV calculates the difference between capital investments and the present value of future
annual cost benefits associated with the alterative. This value represents the life cycle
costs associated with the alternative. The IRR is the discount rate at which NPV is equal
to zero.

NPV and IRR account for the time value of money and discount the future capital
investments or annual cost benefits to the current year. For NPV and IRR, a 15 year life
cycle and 2.9% discount rate have been used. The 2.9% discount rate is based off the
Office of Management and Budget’s estimates as of January 2007'. Table 5-28 illustrates
the calculated 15 year net present value, internal rate of return, and discounted payback
period for the condition-based maintenance scenario. Once again it must be cautioned
that while these results appear extremely favorable, they are built on the assumption that
the IRRIT will be the sole contributor to allowing radically different maintenance
procedures. The accuracy of this assumption rests with the expert evaluation of each
weapon system owner considering potential use of the IRRIT and with the actual
condition of the aircraft under evaluation.

Table 5-28: NPV, IRR, and Discounted Payback

Alternative NPV at 15 Years IRR at 15 years Discounted Payback Period
Condition-Based $8,469,204 374 % 0.27 Years
Maintenance
+1 Year Interval $7,579,912 611 % 0.17 Years
+2 Year Interval $12,253,774 982 % 0.10 Years
+3 Year Interval $15,369,853 1230 % 0.08 Years
+4 Year Interval $18,485,825 1477 % 0.07 Years

! http://www.whitehouse.gov/omb/circulars/a094/a94_appx-c.html
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5.2.8 Inner Mold Line Costs and Savings

IML surface areas on surveyed aircraft were spot stripped on an irregular basis.
There was no standardized baseline process that could be used for purposes of
comparison and the potential impact of the IRRIT system is difficult to quantify. This
cost analysis has concentrated on potential costs and benefits from use of the IRRIT in
OML maintenance processes. This was due to current maintenance practices, where
OML surface areas on surveyed aircraft were stripped regularly and completely, with the
6500 sq. ft. of surface area on the P-3 used as an example baseline.

However, there are potential corrosion-prevention benefits by employing IRRIT on
IML. IML contains exposed critical support structure of aircraft. Early detection of
corrosion could prevent damage to costly and difficult to replace structurally significant
components. In addition, the fact that IML surfaces are not stripped on a regular
maintenance cycle means that if the weapons system engineer desires to inspect surfaces
below the coating for potential corrosion, a costly one-time stripping order must be issued
to strip, inspect, and repaint selected areas of the IML on one or more aircraft.
Potentially, use of the IRRIT could eliminate these ‘inspection strips’ entirely rather than
merely deferring them, as in the case of OML applications.

For purposes of estimating the impact of eliminating a one-time inspection,
consider the recently completed B-52 longerons one-time inspection. The B-52
longerons run down each side of the bomb bay. During the one-time inspection, these
areas were stripped by plastic media blast (PMB) as each not previous inspected B-52
arrived at OC-ALC for maintenance. These longerons and the surrounding areas (also
stripped) composed about 400 sq. ft. of area. Approximately 20 B-52 aircraft pass
through OC-ALC each year.

Table 5-29 and Table 5-30 illustrate the estimated environmental impacts of the
one time inspection. It should be noted that these coating quantities and EHS emissions
are estimates based on the surface area stripped, inspected, and repainted and VOC and
chromium content for the primer and topcoat used on the P-3. B-52 specific information
was unavailable.

Table 5-29: One Time Strip, Inspect, and Repaint Coating usage

Category Quantity for full Quantity to spot treat Savings per aircraft
strip and repaint corrosion (estimated from spot corrosion
(per B-52 aircraft) as no more than 10% treatment

surface area)

Primer — 0.4 gallons 0.04 gallons 0.36 gallons

MIL-PRF-85582

Topcoat — 0.25 gallons 0.025 gallons 0.22 gallons

MIL-PRF-85285
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Table 5-30: Annual VOC and HAP Savings from IRRIT Inspection

Category Estimated Estimated Annual Annual Estimated Estimated Hexavalent
Quantity Saved | Quantity Saved (20 VOC Emissions Chromium Content (20
(per aircraft) aircraft) Saved aircraft)
Primer — 0.36 gallons 7.2 gallons 23 lbs 4.3 Ibs
MIL-PRF-85582
Topcoat - MIL- 0.22 gallons 4.4 gallons 15 lbs N/A
PRF-85285

Figure 5-9 below illustrates the potential impact the elimination of a single one-time
inspection through use of IRRIT could have on EHS emissions.
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Figure 5-9: IML Full Strip vs. IRRIT Inspection EHS

5.2.9 Cost Analysis Summary

As can be seen, use of the IRRIT system illustrates an extremely favorable payback
period in the alternative scenarios, as well as substantial pollution-prevention savings.
Under all OML scenarios considered, the payback period never exceeds 0.3 years.
Complete strip and repaint of an aircraft is an expensive process in terms of labor,
material, and EHS emissions. The value of deferring the strip and repaint of a single
aircraft OML equal or greater in size than the P-3 is greater than the cost of an IRRIT
system.

As stated, however, these potential benefits are solely dependent on providing
weapon system managers with sufficient increased confidence to alter the maintenance
procedure/cycle. Before purchase of an IRRIT system for a particular maintenance
facility, it should be demonstrated to appropriate weapon system managers and/or
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inspection team leads. If and only if agreement is obtained that the IRRIT can be used to
substantially alter the current maintenance procedure/cycle should purchase of the IRRIT
be recommended.

These maintenance scenarios are not meant to be P-3 OML specific, and should be
considered as generic examples of a potential IRRIT impact on a wide range of DoD
aircraft OML applications. When applied to aircraft of equal or greater size to the P-3,
cost savings are likely to be in the same range due as illustrated in P-3 due to the labor
reduction from having to process less of the aircraft surface area. Most of the pollution
prevention savings come from a reduction in chemical stripping. For aircraft where
stripping is accomplished by plastic media blast (PMB) as opposed to chemical stripping,
pollution prevention savings may not be as extensive.

For smaller aircraft there will be less labor and pollution prevention savings.
However in the case of condition-based maintenance, fewer IRRIT systems will be
required for a smaller surface area, resulting in less of a capital cost to payback and a
lower inspection labor per aircraft processed.

In an effort to evaluate the potential savings from use of the IRRIT on other OML
applications, a “Spreadsheet Tool for Assessing Costs and Benefits of Increasing the
Maintenance Interval Between Recoating and Stripping Activities” was developed using
the P-3 data. This spreadsheet tool and the instructions for its use have been added as
Appendix H.
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6. IMPLEMENTATION ISSUES

6.1 Environmental Permits

The IRRIT System is a hardware specific technology implementation that does not
generate or produce hazardous waste or other environmental pollutants. As a result,
technology permitting is not required by the user community. Additionally, the improved
inspection capability of the IRRIT system is projected to reduce hazardous waste and
emissions by lessening inspection driven depaint process requirements of applicable
aircraft and components. The pertinent environmental regulations and the necessary
permits required for waste streams/emissions produced by the depaint and repaint process
will not change at local implementation sites.

6.2 Other Regulatory Issues
No regulatory issues are identified due to the passive nature of the IRRIT
technology.

6.3 End-User/Original Equipment Manufacturer (OEM) Issues

End users for the IRRIT system consist of in-service depot level maintainers of
fielded weapon systems and their associated support equipment within the sustainment
community. End users include inspectors, quality assurance specialists, and engineers
within applicable maintenance and engineering departments of the DoD. IRRIT system
usage depends upon several process functions related to the specific requirements of the
end user. For inspectors, usage is targeted towards a conditional based assessment of
weapon system repair requirements, while quality assurance specialists may utilize the
IRRIT system as a tool for process verification and monitoring of corrosion control
program effectiveness. Engineering departments can utilize the IRRIT system for
program related logistical support functions associated with corrosion, paint and wash
cycle interval evaluations or reliability centered maintenance (RCM) events.

Due to continual technology development and improvement, it must be understood
that the equipment presently used to demonstrate and validate IR inspection capability
will not necessarily be the same equipment procured by end users for implementation.
The IRRIT system equipment utilized for field demonstration was a commercially
available MWIR camera procured from FLIR Systems and modified by Northrop
Grumman as a demonstration prototype. Modifications included installation of an
external IR illuminator, data transfer interfaces for image recording and data capture,
installation of internal IR filtering for improved image resolution, and the use of
ergonomic support equipment. Future MWIR cameras are expected to be smaller,
lighter, with improved integrated capabilities (i.e., memory size for recording images,
built in software, and filtering). The IRRIT system requires the use of a MWIR camera
(3-5 micrometer) with an array size of at least 320x256 pixels. Array size effects image
resolution of the camera, and correspondingly the level of detection (in regards to the size
of corrosion). A 320x256 pixel array size is the minimum desired for use as an inspection
tool through organic coatings.
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Technology costs of currently available MWIR cameras range from $50K to $70K
which will require pre-procurement planning and budgeting by the user community. As a
result, initial implementation strategies include the procurement of MWIR cameras
within an organizational structure that encourages dual use in support of both
maintenance and field applications. Examples of applicable non-program related
organizations are depot Corrosion Control and NDI engineering departments. A program
budget should be established to fund and develop this technology across the Joint
Services. A possible avenue is through collaboration with the Corrosion Steering Group
(CSG) of the Joint Council of Aging Aircraft (JCAA), the DoD Corrosion Exchange or
through service specific environmental and engineering program sponsors. Technology
budgeting within the depot user community would require coordination with the
applicable capital equipment procurement program at each field location.

6.3.1 Interested Customers

End users for the IRRIT system consist of in-service depot level maintainers of
fielded weapon systems and their associated support equipment that utilize coating
systems which allow for sufficient MWIR transmission (refer to Table 2-3). Refer to
Appendix G for Letters of Endorsement obtained from programs following project
demonstration and data analysis.

Scale-up of this technology across Navy and USAF aircraft inventories compatible
with IRRIT system OML and IML inspection requirements would result in significant
environmental reductions of VOC, HAZMAT, and chromate waste with corresponding
process cost savings (refer to Figure 6-1, Figure 6-2, and Figure 6-3) as a result of
reduced inspection driven depaint functions and/or paint process deferments. The
methodology or rationale that was used in generating Figure 6-1, Figure 6-2, and Figure
6-3 is as follows: all aircraft within the Navy and USAF total active inventory (based on
2006 estimates) were taken into account. P-3 data was used as the baseline values for
subsequent calculations. The baseline P-3 values are as follows:

Baseline Area (sqft) = 6,500

Baseline VOC “Chemically Stripped” (lbs) = 3,423

Baseline VOC “No Stripper” (Ibs) = 551

Baseline HAZMAT (lbs) = 11,273

Baseline Chromate (1bs) = 24

Baseline Cost ($) = 133,505

Applicability of IRRIT on aircraft OML and IML was based on coating spectral
studies. Each aircraft’s OML and IML surface areas were estimated as a ratio of the P-3.
The values were calculated based on the following scenarios:

1. Aircraft OML (“Chemically Stripped”) and IML (“No Stripper”) applicable to IRRIT
2. Aircraft OML (“No Stripper”) and IML (“No Stripper”) applicable to IRRIT
3. Only Aircraft IML (“No Stripper”) applicable to IRRIT

All aircraft IMLs within the Navy and USAF inventories were found to be
applicable to IRRIT and a value of 100 square feet was used in the calculations. It should
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also be noted that a value of 5,636 Ibs was used for the USAF HAZMAT calculations,
due to the use of plastic bead media for OML paint removal.

Navy Total Active Inventory Environmental and Cost Savings
(13 Year Savings)
0,000,000 $57,501,553
10,337
Ibs

Figure 6-1: Potential Navy Environmental and Cost Savings

USAF Total Active Inventory Environmental and Cost Savings
(13 Year Savings)

$56,320,111

9,484
Ibs

Figure 6-2: Potential USAF Environmental and Cost Savings (without
APC’s/ELT’s)

86



USAF Total Active Inventory Environmental and Cost Savings
(15 Year Savings - Applying IRRIT to APC's/ELT's)

1,000,000,000 -

$329,701,63

100,000,000

Cost
$329,701 637

Figure 6-3: Potential USAF Environmental and Cost Savings (with APC’s/ELT’s)

6.3.2 IRRIT System Modifications

MWIR Camera (3-5 micrometer) with a minimum array size of 320x256 pixels.
Specific camera operating instructions can be found within the manufacturer’s
operation manual for the specific mid-IR camera procured (refer to Appendix A).

IR Band-Pass Filter (3.75-5 micrometer) for enhance imaging through improved
signal to noise ratio and reduction of paint surface reflections.

IR Illuminators: Illuminators must supply sufficient illumination in the 3-5
micrometer range. Sufficient illumination is defined as enough illumination to
penetrate the coating system and reflect off the substrate to the camera system
detector array. Mag-Lite® halogen flashlights, commonly available within the user
community, have demonstrated suitable capability for use as IR illuminators for the
IRRIT system. A 3M Paint Preparation System (PPS) Sun Gun is also commercially
available for use as a hand held IR illuminator.

IRRIT Operation Standard: A standard is required to check operational ability of
IRRIT, and to ensure all internal camera settings are appropriate. Recommended
operational standard is the use of a commercially available camera resolution
standard (Air Force Target Standard) coated with the applicable coating system
representative of the material for inspection. Target standards can be procured from
Edmund Industrial Optics.
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e General IR Inspection Training and Procedures are presented within Appendix K as a
“Draft” Technical Work Package provided in standard manual format. Engineering
offices may customize this instruction to their specific process functions for inclusion
into the appropriate program manual.

6.3.3 Service and Support Package

IRRIT system procurement may be performed as individual component purchases
later integrated by the user community or through IRRIT System Kits produced and
provided by Northrop Grumman Technical Services (Bethpage, NY), to include,
operating instructions and support for the IRRIT MWIR camera plus all required
accessories.
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Kelley, Jack ARL ikelley@arl.army.mil Army Materials Engineer
. 516-346-7403 .
Leyble, Dennis NGC dennis.leyble@nge.com Technical Support
. 904-545-5407 x154 . . .
Marlowe, Dan NAVAIR Jacksonville daniel.marlowe@navy.mil P-3 Field Support Team (FST) Engineering
McPherson, Scott cTC 904-722-2503 Cost Benefit Analysis
mcpherso@ctc.com
. . 727-549-7285 .
Miller, Mike crc millermi@cte.com Technical Support
. 937-255-0498 .
Pollock, Brian AFRL/MLSC brian.pollock@swpafb.af.mil ESTCP IRRIT Program Liaison
. 405-736-5020
Rowten, Ryan Tinker AFB ryan.rowten@tinker.af.mil NDI Expert
. . 910-396-9478 . .
Smith, Kriston B. ITT Fort Bragg smithkris@brage.army.mil Army Paint Shop Supervisor
937-656-5699 ..
Speers, John AFRL/MLSC John.speers@wpafb.af.mil ESTCP IRRIT Program Liaison
. . 405-736-5005 .
Tanner, David Tinker AFB david.tanner@tinker.af.mil B-52 Engineer
814-269-6805 .
Thoms, John c1C thoms(@ctc.com Cost Benefit Analysis
252-335-6935
Waldrop, Rusty USCG RWaldrop@arsc.usce.mil USCG NDI Expert
. 904-542-2641 . -
Washburn, Larry NAVAIR Jacksonville larry. washburn@navy.mil Occupational Safety Specialist
Weir, John NGC | 916-575-5422 NGC Program Manager
john.weir@ngc.com
. 405-736-5020
West, Steve Tinker AFB steven.west@tinker.af.mil USAF NDI Expert
Westover, Ryan NAVAIR Jacksonville 204-542-4516 x126 NAVAIR Jacksonville Liason

robert.r.westover@navy.mil
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Mr. John Benfer is the Principal Investigator (PI) for the ESTCP program. He
provided strategic direction, technical leadership, and directs overall programmatic and
major decisions to the program. He was also the POC for performing the Dem/Val at
NAVAIR, Jacksonville. He works closely with key functional specialists and artisans
there, most notably the four lead personnel noted in Figure 8-1. Their functions are
identified in the figure. These four individuals work with Mr. Benfer on an active basis,
and were involved in the Dem/Vals since late 2004.

The Air Force is providing overall administrative, budget, and contract
management, with Mr. Brian Pollack (formerly Mr. John Speers) performing these
functions.

CTC is the prime contractor for the program. Mr. Matthew Campbell is the
Program Manger for CTC, and also the lead for CBA. CTC provided weekly program
status updates, and assessed/reported overall cost/schedule data. Additionally, Mr. Mike
Miller (CTC), Mr. John Thoms (CTC) and Mr. Scott McPherson (CTC) performed the
cost benefit analyses. Mr. Mike Miller was also responsible for documenting and writing
the USAF KC-135 and B-52 IML Dem/Val Plan.

NGC executed the actual hands-on portion of the Dem/Vals, which included, in
part, the proper use of the IR Camera, collection of data, and data analysis. At the
Dem/Val sites, NGC was managed by Mr. John Weir, under the overall direction of Mr.
Benfer. NGC worked on a non-interference basis, to ensure unreasonable or unexpected
work stoppages did not occur for A/C production. Prior to conducting any activity, the
applicable shop production management was informed of NGC’s intent to perform that
activity. A time estimate to finish this activity was given by Mr. Benfer and NGC, and
discussed with shop personnel prior to testing.

Mr. David Allen (Aircraft Structural Maintenance Management) was the Quality
Assurance Officer for the purpose of this Dem/Val. He also documented areas of non-
compliance with the procedures of the Dem/Vals (Navy P-3 OML Dem/Val and USAF
KC-135 and B-52 IML Dem/Val), and document necessary corrective action procedures.
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ESTCP IRRIT Project Organization Chart
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Figure 8-1: Organization Chart
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APPENDIX A ANALYTICAL METHODS SUPPORTING THE
EXPERIMENTAL DESIGN



IRRIT Technology Theory

Spectral reflectance signatures may be used to detect the presence of various
chemical species, including corrosion products. An IR beam must be able to pass through
the coating, reflect off the metal surface, and pass back out through the coating (Figure
2-2). Coatings are normally designed with pigment sizes tailored so that they are opaque
in the visible region of the spectrum (0.40 to 0.75 micrometer (um)), so they preclude
using optical techniques in the visible to “see” through the coating to the metal. However,
the scattering power of pigments is diminished as the probe wavelength becomes longer.
For many coatings, a spectral window opens in the near and mid-wave infrared (MWIR)
spectral regions.

Figure A-1 below illustrates a schematic of the IRRIT. In this schematic the IR
camera lens is between the spectral filter and the coated aircraft part. The camera body
includes the spectral (or bandpass filter) and the focal plane detector.

Coated Aircraft Part

Focal Plane lmager

Spectral Filter

Corrosion ~

Cracks

Figure A-1: Principal of IRRIT on Corroded Painted Metal Components

The spectral imaging concept depends on the generation of a database of spectral
signatures of corroded surfaces and various coating reflectance and transmission data.
Directional Hemispherical Reflectance (DHR) was utilized to determine the spectral
properties of surfaces. As illustrated in Figure A-2, a collimated IR beam in the range of
1.8 to 15.4 um was directed near normal to the surface, and the reflected light, both
specular and diffuse, was measured in an integrating sphere. Reflectance was then
plotted as a function of wavelength or wavenumber or equivalent wavelength in
micrometers (um). It was important to collect the diffuse component of the reflected light
since the reflectance signal from any corrosion at the metal surface will be significantly
scattered by the overlying paint layer.
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Collimated Incident IR Beam

Incident Beam Port

Integrating
Sphere

Detector
Detector

Port

Sample

Figure A-2: Integrating Sphere System used to Measure DHR

To test the spectral imaging concept using DHR measurements, NGC layered paint
films of various thicknesses over non-corroded and corroded aluminum panels. The
corroded aluminum panels were made by exposing them to salt fog. This resulted in a
thin surface layer of oxide on the panel. Figure A-3 illustrates the DHR spectra of the
same paint coating on two substrates, one non-corroded, the other corroded. The
prominent reflectance of the non-corroded substrate between 3.5 to 5.0 um is the result of
the substrate reflecting the IR light through the transmissive window of the paint. Clearly
the corrosion signature in the substrate is affecting the overall reflectance of paint on
substrate combination.
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Directional Hemispherical Reflectance (DHR)
Non-Corroded vs. Corroded Substrate Comparison
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Figure A-3: DHR Comparison Between Non-Corroded and Corroded Substrates

Figure A-4 illustrates the DHR of a series of topcoat films of various thicknesses
on top of a corroded aluminum substrate. The transmissive window in the 3.5 — 5.0 um
range becomes less prominent as the coating thickness increases.

Directional Hemispherical Reflectance (DHR) - Thickness Effects
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Figure A-4: DHR of Aluminum Panels with Variations in Coating Thickness
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IRRIT Equipment Description

The Merlin® MWIR camera (refer to Table A-1) is manufactured by FLIR Systems
Incorporated. FLIR Systems Incorporated contact information is as follows:

FLIR Systems Incorporated
Indigo Operations

70 Castilian Drive

Goleta, CA 93117

Corporate Office: 805-964-9797
www.indigosystems.com

www.flir.com

Merlin® Mid-Wave IR Camera System Setup
(Note: Refer to the Merlin® MWIR Camera Manual for specific operation details.)

Connections (refer to Figure A-5):

9-pin serial cable goes from the button panel to the remote control pad on Merlin®
mid-wave IR camera.

S-video cable goes from the S-video “out” on the Merlin® mid-wave IR camera to
distribution amplifier that allows multiple S-video connections.

S-video cable from the distribution amplifier out to the Sony HandyCam (or other
video camcorder) and to a S-video “in” monitor.

Optionally: BNC can go from composite video “out” on the Merlin® mid-wave IR
camera to a BNC video “in” of an external monitor.

DC power entry on the Merlin® mid-wave IR camera connects to the AC/DC
transformer (Line supplied 24V DC) which is then plugged into a power strip outlet.

AC power connects the IR illuminators power supply to the power strip outlet.

To “power-up” IRRIT:

Connect power supply to the Merlin® mid-wave IR camera and turn on Power Strip.
Green light on transformer will be illuminated.

Turn on Merlin® mid-wave IR camera with the power switch on back of camera.
Thermal cycling will be loud for 10-15 minutes as the Stirling cooler engages.

Turn on HY1802D power supply to power IR source and set dial to selected voltage
and current.

Once the Merlin® mid-wave IR camera has cooled down, an image will be observed
on the monitor. The Merlin® mid-wave IR camera should be allowed to stabilize for
30 minutes for best performance.

Perform a one-point calibration (offset correction if using the Merlin® mid-wave IR
camera keypad control, to clean up the noise. This can be accomplished via the
remote control pad. Press the 1PT button. A message on the monitor will prompt the
user to place the cool black painted panel in front of the lens. Press enter (the center



button) and wait for the screen to equilibrate to a uniform pattern. Then remove the
black plate from the lens. At this point the Merlin® mid-wave IR camera should be
pointed at the scene (surface) that is to be imaged to check for general image quality.
If the scene area of interest appears too dark or too light, adjust the display brightness
and contrast. If this does not improve the image quality an alternate non-uniformity
correction (NUC) setting may be used to improve the image for the conditions
encountered. The count level should be about 3000 counts of 4096 for the area of
interest. Hold the black plate in front of the Merlin® mid-wave IR camera lens. The
counts should be between 500 to 800 counts. If either the upper or lower count is
much different use another NUC setting. Use one with a longer integration time if the
counts are low or one with a shorter integration time if the counts are high. If the
NUC setting is changed the offset correction will need to be repeated. The check of
the A/D count levels should then be checked as well.

A similar procedure using the analog display monitor could be used to view the
Merlin® mid-wave IR camera output, as well as the control menu. Hold up the black
plate in front of the Merlin® mid-wave IR camera lens and press the 1PT button to do
a 1 point correction. Check the video levels by activating the Waveform function in
the Calibration menu. There will be an oscilloscope like line displayed at the bottom
of the display monitor. The line should show near the top of the oscilloscope display
but not a clipped flat line at the top which would mean saturation. Similarly with the
black plate in front of the lens the trace should be near the bottom of the display but
not a flat line which indicates the offset is incorrect for the conditions. If needed a
different NUC setting should be selected and the above repeated until a good image is
achieved.

To “power-down” IRRIT:

Power down devices: camcorder, blackbody sources, etc.
Turn off Merlin® mid-wave IR camera.

Power down the Merlin® mid-wave IR camera power supply.
Power down the power strip.

Put lens cap on Merlin® mid-wave IR camera.



Table A-1: Merlin® MWIR Camera Specifications

Merlin® MWIR Camera Specifications

Detector Type InSb
1-54pum
Spectral Range (3 - 5 um set by cold filter)
Detector Size 30 x 30 pm
Array Format 320 x 256
Integration Time 5ps-16.5 ms
Camera f/# 2.50r4.1
Cooling Type Integral Stirling
Noise Equivalent Delta Temperature (NEAT) <25 mK (< 18 mK typical)
Analog Video NTSC @ 30 Hz (PAL @ 25 Hz optional); S-Video
.. . 60, 30*, 15* Hz (50 Hz PAL), 12-bit corrected/uncorrected
Digital Video

(*Reduced frame rate option disables analog video.)

Remote Control

Button Panel & RS-232

Size 5.5"Hx5.0"Wx9.8"L
Weight 9 lbs
Standard Temperature Measurement 0°C to +350°C
Extended Temperature Measurement +300°C to +2,000°C

Temperature Accuracy

+2°C, or +2% of reading

Optics

Microscope: 1X
13 mm (41 x 31 degrees FOV)
25 mm (22 x 16 degrees FOV)

Remote hutton
controller for
performing
S-Video camera functions.
signal passed
to LCD
Monitor and
Sony
Handycam.
24V
transformer
connects to
110V power
strip and GFIC
outlet.

-

Figure A-5: Merlin® MWIR Camera Rear Panel
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APPENDIX B ADDITIONAL PRODUCT TESTING
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B.1 Dry Run (Risk-Reduction) @ NAS Jacksonville, FLL

Objective:

The objective of this trip was to demonstrate a final risk reduction of the IRRIT system,
prior to beginning the Dem/Val on the Navy P-3 in February 2006. This objective was
achieved and the IRRIT system successfully imaged through the coating system that is
currently used on the Navy P-3 aircraft (refer to Figure B-1).

P-3C, Production Block L.O-135, Tail #158224

Visual Corrosion Inspection Paint Thickness Measurement IRRIT Corrosion Inspeci]on

—
L
Itwas conclided that the paint thickness on the Navy P-3 iswithin the Hmits of
detection for the TRRIT.
Fxample

Visible Image - Painted IRRIT Image - Painted
Paint Thickness = 2.5 mils to 3.4 mils
Temperature in Hanger = 67°F

Temperature of Aircraft Skin =64°F

Figure B-1: Risk Reduction at NAS Jacksonville
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In addition to the risk reduction, as previously reported the IRRIT team also
demonstrated the IRRIT system for some NAVAIR personnel at NAS/NAVAIR
Jacksonville (refer to Figure B-2).

Mr. Jack Benfer
(NAVAIR) and Mr.
John Weir (NGC)
brief attendees on

IRRIT and potential
applications.

Figure B-2: Briefing on IRRIT System at NAS Jacksonville
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B.2 USAF - Warner Robins, Georgia

Objective:
The objective of this trip was to demonstrate the IRRIT system to Warner Robins AFB
Personnel.

Trip Summary:

25 October 2005

Demonstrated IRRIT system on two C-130 aircraft (C-130 USAF Tail # 0987, C-130
USAF Tail # 51366). This was the first time the IR camera was used utilizing 110
power supplied from a portable power unit. No problems were observed with the
utilization of this type of power. The first survey was of a C-130 (C-130 USAF Tail #
0987) with a coating thickness of approximately 9 to 16 mils. It was reported that the
aircraft came from Hill AFB and that the top coat was the Deft Advanced
Polyurethane Topcoat (APC) or also known as the Extended Life Top Coat. This
aircraft was difficult to image the substrate under the coatings and it is surmised that
this was due to the thickness of the coating present as well as the APC formulation in
the darker color which may contain carbon black that tends to block IR transmission
if the concentration is too high in the coating. The coating was also heavily “orange
peeled”, which may have been a contributing factor with contrast issues of the local
coating thickness variations. The second survey was of another C-130 (ANG 51366
from the Texas Air National Guard) exhibiting coating thicknesses approximately 4.5
mils on exterior sections. Both IR photographs and conventional photographs were
taken on this exterior location (refer to Figure B-3). The IML was also investigated
on this aircraft (refer to Figure B-4). The IRRIT system successfully imaged through
the thinner coated sections of the aircraft.

C-130: USAF Tail # 51366

Example

~ Visible Tmage - Painted IRRIT Image - Painted

Note: Substrate has an

Corrosion located near fastener head
“orange peel” texture

Figure B-3: Corrosion Under OML Coating of C-130
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C-130: USAF Tail # 51366

Example

Texture of
aluminum
substrate clearly
seen through
primer

Visible Image - Painted IRRIT Image - Painted

Figure B-4: Substrate Texture Under IML Coating of C-130

26 October 2005

Demonstrated IRRIT system on C-17 aircraft (C-17 USAF Tail # 60006). The third
airplane surveyed was a C-17 (AMC Charleston 60006). The paint thickness was on
the order of 7 mils. This aircraft was difficult to image the substrate through the
coatings and it is surmised that this was due to the thickness of the coating present as
well as the APC formulation in the darker color which may contain carbon black that
tends to block IR transmission if the concentration is too high in the coating. The
coating was also heavily “orange peeled”, which may have been a contributing factor
with contrast issues of the local coating thickness variations. Due to the fact that the
coating was difficult to image through, it was agreed that an FTIR measurement be
conducted to establish the transmissibility of this finish system.

27 October 2005

Demonstrated IRRIT system on C-130 aircraft (C-130 USAF Tail # 60215). The
fourth survey was of another C-130 (USAF Tail # 60215) exhibiting coating
thicknesses approximately 3.5-9 mils on exterior sections. Both IR photographs and
conventional photographs were taken on this exterior location (refer to Figure B-5).
The IRRIT system successfully imaged through the thinner coated sections of the
aircraft. However, the IRRIT system was unable to image through the thicker coated
sections.
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C-130: USAF Tail # 60215

Example

IRRIT Image - Painted IRRIT Image - Painted

Note: Substrate has an
“orange peel” texture

Rework evident under coating system

Figure B-5: Rework Under OML Coating of C-130

Conclusion:

C-130 USAF Tail # 0987: Due to coating thickness (refer to Figure B-6) and type the
IRRIT system appeared to have little success in imaging through the coating.
C-130 USAF Tail # 51366: The IRRIT system successfully imaged through the
thinner coated sections of the aircraft. However, the IRRIT system was unable to
image through the thicker coated sections.
C-17 USAF Tail # 60006: Due to coating thickness and type the IRRIT system
appeared to have little success in imaging through the coating.
C-130 USAF Tail # 60215: The IRRIT system successfully imaged through the
thinner coated sections of the aircraft. However, the IRRIT system was unable to
image through the thicker coated sections.
It was concluded that the C-130 would not be a good platform to Dem/Val the IRRIT
system due to the following:

0 Thick/Dark Coating System

o Little Corrosion Under Coatings
Future studies (coating transmission data required via free-standing films) must
completed on the following coatings (varying thicknesses):

0 MIL-PRF-85285: Deft APC Color # 36173
MIL-PRF-85285: Deft APC Color # 36118
MIL-PRF-85285: Deft High Solids Color # 36293
TT-P-2756: Deft Self-Priming Color # 16440
TT-P-2760 Type 1: Deft Primer
MIL-PRF-85285: Deft APC Color # 17925
MIL-PRF-85285: Deft APC Color # 36375

OO0O0O00O0
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Investigate a replacement USAF platform to Dem/Val the IRRIT system on,
potentially the KC-135 at Tinker AFB.

Comments Regarding C-130 Coating Thickness

In general, it was noted
that the coating/paint
thickness on the C-130
fuselage was the
thickest in the center.
This is due to the

ovetlapping of the light
gray paint with the

darker gray paint. The
IRRIT system

THIN PAINT

successfully imaged
through the thinner
coated sections of the
aircraft. However, the
IRRIT system was
unable to image
through the thicker
coated sections.

Figure B-6: Coating Thickness on C-130 OML
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B.3 Dry Run (Risk Reduction) @ OC-ALC

Objective:

The objective of this trip was to check the feasibility of doing a Dem/Val on current IML
KC-135 and B-52 aircraft at OC-ALC. The trip occurred from 17-20 April 2006. The
IRRIT was demonstrated on the KC-135 and B-52 to OC-ALC personnel (refer to Figure
B-7 and Figure B-8).

The trip conclusions are as follows:

e OC-ALC personnel are willing to support IRRIT Dem/Val on the KC-135, B-52.

e OC-ALC personnel are willing to arrange “time on aircraft”, and schedules.

e OC-ALC personnel are willing to supply or direct us to who would be able to answer
questions regarding environmental/cost data.

Dem/Val activities as shown below were discussed and agreed upon by OC-ALC
Personnel:

Dem//Val Activities Dem/Val Activities
(Prior to Chemical Strip) (Post Chemical Strip)
*  Record ambient/inspection area temperatures *  Record ambient/inspection area temperatures
*  Record coatings thickness measurements *  Visually inspect indexed sites
*  Visuvally inspect target areas *  Digitally photograph visible anomalies
*  Mark/index and digitally photograph visible *  Inspect indexed sites using IRRTT

corrosion sties

*  Record IR images of indexed sites
*  Inspect target areas using IRRIT

*  Back-up and review data for analysis
=  Mark/index and record IR imaged corrosion sites

*  Chemically strip marked/indexed sites
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IML Fuselage Skin and Structures

o ——

Visual Image -;Q‘-. IR Image
Figure B-7: KC-135 IML Visual z;nd IR Images

Weapons Bay Top Skins and Longerons

Visual Image
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APPENDIX C IRRIT DEM/VAL QUALITY ASSURANCE/QUALITY
CONTROL PLAN
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1) Purpose and Scope:

This IRRIT Quality Plan is applicable to all persons participating in IRRIT Dem/Val
Program. The purpose of this plan is to assure that data obtained during the IRRIT
Dem/Val at NAVAIR Depot Jacksonville and OC-ALC, is recorded and stored for future
analysis in accordance to ESTCP directions. It is the responsibility of IRRIT Principal
Investigator (PI), government employees, and contractors to carryout programmatic and
technical activities so as to meet any Government and/or NGC quality requirements. .

2) Quality Assurance (QA) Officer Responsibility:
The IRRIT Organization and Responsibility Organization Chart, (Figure C-1) depicts
personnel and their responsibility in the IRRIT Quality Program.

Ivlr. Jack Benfer

Prircipal IreestizatoriOuality
Dlariagernent
Iir. Brian Pollock BIr Diaad Allen Ly John Weir
ContractorProgramtnatic Techrical Consultant Horthrop Grurrian
Ilanazerent (4 Officer Prograrn Iarager

Figure C-1: IRRIT Organization and Responsibility Chart

a) Mr. Jack Benfer, IRRIT PI is ultimately responsible for planning, implementing,
and assessing all quality control procedures applicable to the IRRIT Program.

b) Mr. David Allen, an independent contractor separate from the personnel engaged
in the execution of IRRIT Dem/Val, was appointed by the PI to oversea the
IRRIT Quality Program as the QA Officer. The QA Officer has a broad
responsibility for managing/monitoring the IRRIT Quality Program to ensure
proper implementation of quality guidelines. Specific QA Officer responsibilities
are as follows:

1) The QA Officer shall periodically inspect activities during the Dem/Val at
adequate intervals to evaluate its integrity. The QA Officer shall record the
date of the inspection, the Dem/Val activity inspected, the phase or segment of
the Dem/Val inspected, the person performing the inspection, any findings
and problems, actions recommended and taken to resolve existing problems,
and any scheduled date for re-inspection.

i1) The PI and QA Officer shall review the Dem/Val report to ensure that it
accurately describes the Dem/Val Plan methods and standard operating
procedures, and that the reported results accurately reflect the raw data
required of the Dem/Val.

ii1) The QA Officer shall ensure that all relevant documents, procedures, and
corrective actions pertaining to activities covered under the IRRIT Quality
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d)

Plan are reviewed and approved for use by the PI. For example, IRRIT Data
Sheets and the Corrective Action Report developed for this Dem/Val Plan.

iv) The QA Officer shall maintain control of unassigned serialized laboratory
notebooks and the list of numerically indexed serialized laboratory notebooks
for the Program.

NGC’s project manager, Mr. John Weir and his staff, are responsible for all
quality control needed to collect meaningful data, as it relates to the detection of
corrosion under coating and the use of all equipment such as the IR camera,
photographic images, and data storage. NGC personnel shall report quality or
procedural concerns to the IRRIT PI or QA Officer.
All contractors or government employees involved in the IRRIT Program shall
familiarize themselves with the IRRIT Quality Plan and implement applicable
procedures to ensure that essential data are collected and that collected data will
be useful. All personnel participating in the IRRIT Program shall avoid
involvement in any activities that would diminish confidence in the program’s
competence, impartiality, judgment or operational integrity.

3) Data Quality Parameters and Format:

The data to be collected will include IR images of the test areas, visual images of the
preprocessed test areas, and visual images of the chemically stripped test areas. Images
from before and after various stages in the strip/paint process will be compared in order
to validate the performance of IRRIT. All parameters associated with the process
[equipment (camera and IR source), vehicles (paint thickness and color), and
environment (temperature and sunlight)] shall be recorded on IRRIT Data Sheets.

4) Calibration Procedures, Quality Control Checks, and Corrective Actions:

a)

b)

Calibration Procedures: equipment and its software used for the IRRIT Dem/Val
shall be capable of achieving the accuracy required of the camera equipment/DAS
specified in the Dem/Val Plan, and shall comply with relevant specifications or
procedures.

- The IR camera will be checked at the beginning of the day, as a minimum,
for image quality and at the end of operations or the end of an eight hour shift,
which ever comes first. The same image standard will be used to perform this
function. This image will be documented and stored for future reference. This
procedure will also be repeated, if any change to the camera is made such as
modification of the temperature correction factor. In the event the image quality
has degraded, the corrective action will be to understand what camera parameters
have changed or if the camera is defective. Parameters will be adjusted to
establish acceptable image quality, prior to use. In the unlikely event the camera
is defective or is broken, NGC has a backup camera that will be used to continue
the Demonstration and Validation
Quality Control Checks, and Corrective Actions: if technical activities deviate
from the Optimization/Baseline Test Plan, or if Dem/Val activities fail to function
as expected, the person performing the activity shall originate an IRRIT Dem/Val
Corrective Action Report and complete the following actions;
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1) The originator shall immediately halt activities if its continuation results in an
unsafe condition or adversely affects data integrity.

i1) The originator shall then notify the PI or QA Officer via email, phone or on-
site who will began to track and monitor the corrective action report.

ii1)) The QA Officer shall ensure that all pertinent information is entered correctly
and the corrective action report is distributed to the appropriate people.

iv) The originator shall document corrective actions/preventive measures and
notify the PI or QA Officer.

v) The originator, PI, and QA Officer shall maintain a copy of the IRRIT
Corrective Action Report. Once closed, corrective action reports shall be
maintained together in a single binder and filed with other data in
conformance with the ESTCP approved data quality requirements.

vi) Note: the originator shall also document and immediately notify the PI or QA
Officer of problems involving material shortages or hardware failure in
support of the Dem/Val.

5) Demonstration Procedures:

The inspection operating parameters will be determined prior to Dem/Val during camera
optimization/baseline testing. Once the data acquisition setup is connected, powered, and
the camera is cooled, an image should appear on the monitor. A rapid survey scan of the
target area will be completed, with a monitor displaying the region for any signs of
corrosion. Sites of interest will be marked with a grease pencil. Results from the visual
inspection and images prior to and after various stages in the strip/paint process will be
compared in order to validate the performance of the IRRIT technique.

6) Quality Program Review:

The PI and the QA Officer shall review the IRRIT Quality Program to ensure personnel,
equipment, activities, records, and controls are in conformance with the ESTCP quality
requirements.

a) All personnel shall review all applicable quality requirements prior to, during, and
following any activity under the scope of the IRRIT Quality Plan.

b) The PI and QA Officer shall review discrepancies and corrective
actions/preventive measures to ensure all discrepancies were properly
documented and resolved.

c) The PI and QA Officer shall review the final Dem/Val report to ensure that it
accurately describes the Dem/Val methods and standard operating procedures,
and that the reported results accurately reflect the raw data required of the
Dem/Val.

7) Data Storage and Archiving:
a) Personnel performing activities shall ensure all relevant data is entered at the time
of activity into a serialized, bound laboratory notebook or onto the IRRIT Data
Sheet. Activity, performance method, the specific equipment, and individual
performing the activity shall be recorded. When the laboratory notebook is full
the QA Officer shall issue a new bound serialized notebook. The PI will have
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b)

access to all notebooks at all times. The notebooks will be indexed numerically.
Upon program completion, all bound serialized notebooks shall be disposed of
according to ESTCP direction. All laboratory notebooks shall be signed and dated
at the beginning and end of each workday by all persons making notes and
recording data. Analog video will be captured, as well as digital images and saved
to disk.

Upon program completion, all bound serialized notebooks, Data Sheets, diskettes,
and corrective action reports shall be archived in accordance with ESTCP
direction.

Any deviations or recommendations for the modification to this plan shall be
reported to the PI for his review and approval.
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APPENDIX D OPTIMIZATION/BASELINE TEST PLAN



1. INTRODUCTION

The purpose of this laboratory test plan is to evaluate the capabilities and limits of the
Infrared Reflectance Imaging Technique (IRRIT), in addition to the blackbody technique
(these techniques are defined in Section 1.2). Through various test evaluations in the
laboratory, a database will be created, along with procedures that may be applied onsite
in the field as applicable. The focus of the testing shall be primarily to create a system
that is optimized for field use; in particular the Navy’s P-3 Orion aircraft (refer to Figure
D-1 for potential use on other platforms).

1.1. Scope

This document shall optimize and baseline the IRRIT for use in the “field”. The test
matrices shall encompass representative military coatings and coating thicknesses, along
with the potential and anticipated variables that may be encountered in field and depot
operations. A number of test specimens will be created to simulate these potential
variables. The test specimens will utilize alloys, surface preparations, and coatings that
are identical to the preparations and materials used on the military platforms. Whenever
possible, screening tests will be utilized to minimize unnecessary work and to focus
resources on the relevant issues. Optimization of the camera type associated variables
will also be addressed along with the field variables. Optimization of the technique shall
be achieved by testing and coming to conclusions regarding the following variables:
e Typical Military Coatings (Primers and Topcoats)
O How transparent (allowing IR reflection) is the coating in the 3-5um IR
range?
e Thickness Range of Coatings (Simulate “Real-Life” Coating Stack-Ups, and
Limits of IRRIT)
O At what thickness will the coating no longer be transparent in the 3-5um
IR range?
e Surface Temperature
0 IR Reflection
= s external IR illumination required to penetrate coating, thus
allowing IR reflection?
0 Blackbody
= [s the substrate naturally emitting IR (no external IR illumination
required)?
e Distance from Surface (IR Camera Lens to Surface of Substrate)
O How large of a corrosion defect can be seen at a certain distance away
from the substrate (corrosion/defect sensitivity)?

Upon completion of testing the above variables, a “database/library” shall be created. The
goal of this laboratory test plan is to supply the “field” user with the answers to the
following questions:

o (Can the method of IRRIT be used on this particular platform?
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o What would the optimized internal camera settings be for this particular paint
scheme, coating thickness, and surface temperature (Non-Uniformity Correction,
NUC)?

o [s external IR illumination required, or is the part naturally emitting IR?

Navy

Army

Coast Guard

Air Force

i 404

Figure D-1: Military Vehicle Platforms

D-3




1.2. Technology Description

IRRIT: The IR passes directly through the coating and then reflects off the metallic
substrate back through the coating and into an IR camera. Since the corroded areas do
not reflect the IR energy as well as the non-corroded areas, a picture or image is
generated by the IR camera much the same as observing the corrosion under standard
visual techniques. The corrosion does not reflect the energy, as will the smooth aluminum
surfaces that that is why the corrosion appears dark.

Blackbody Technique: This method has the advantage in that the illumination is provided
by the part itself and not by an external source. The aluminum parts emit or transmit IR
radiation at room temperature (RT) or slightly above RT. In the case of aircraft paints the
paint has a transmission window in the 3-5um region, so the IR can be viewed, as it is
emitted from the surface. The corrosion emits more energy due to its emissive
characteristics than the smooth aluminum surface and that is why the corrosion looks
white.

1.3. Referenced Documents

Specifications:
Department of Defense, Federal, and Military
MIL-C-5541 Chemical Conversion Coatings on Aluminum and

Aluminum Alloys

MIL-PRF-85582 Primer Coatings: Epoxy, Waterborne

MIL-PRF-85285 Coating: Polyurethane, Aircraft and Support Equipment

QPL-85285 Qualified Product List of Products Qualified Under
Performance Specifications MIL-PRF-85285 Coating:
Polyurethane, High-Solids

FED-STD-595 Colors Used in Government Procurement
American Society for Testing and Materials

ASTM B117 Standard Practice for Operating Salt Spray (Fog) Apparatus

ASTM D1654 Evaluation of Painted or Coated Specimens Subjected to
Corrosive Environments

ASTM D2803 Filiform Corrosion Resistance of Organic Coatings on
Metal

ASTM E1213 Standard Test Method for Minimum Resolvable
Temperature Difference for Thermal Imaging Systems

ASTM E1311 Standard Test Method for Minimum Detectable
Temperature Difference for Thermal Imaging Systems

ASTM E1543 Standard Test Method for Noise Equivalent Temperature
Difference of Thermal Imaging Systems

ASTM F1110 Sandwich Corrosion Test

ASTM Gl Preparing, Cleaning, and Evaluating Corrosion Test
Specimens

ASTM G46 Examination and Evaluation of Pitting Corrosion

Indigo Merlin® Mid-Wave IR (MWIR) Camera Manual
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2. HEALTH AND ENVIRONMENTAL CONSIDERATIONS

While the methods, applications, and processes described or referenced in this document
may involve the use of HAZMATS, this document does not address the handling of
HAZMATS. It is the sole responsibility of the user to ensure familiarity with the safe and
proper use of any HAZMATs and to take necessary precautionary measures to ensure the
health and safety of all personnel involved.

3. TESTING PARAMETERS

Test specimens shall be manufactured and tested to the following test parameters. Once
the testing parameters (the limits of the system) are well understood, the final system
configuration(s) and performance baselines shall be established (and documented) for the
demonstration/validation on the P-3 aircraft.

3.1. Test Panel Design

All test panels created shall be documented with the IR camera in addition to a digital
visible camera prior to the any coating (primer/topcoat) is applied. The test specimens
that will be created will be manufactured and tested via IRRIT and Blackbody, and will
be representative of the various military platforms, in terms of coating types, coating
thickness, and corrosion defects.

3.1.1. Coating Substrates Types and Thicknesses

The coatings used in this laboratory test plan are based on those used on the P-3 Orion
aircraft. If the intent is to use this technique on a different paint scheme other than that
used on the P-3, the “different” paint scheme must be tested with a Fourier-Transform
Infrared (FTIR) instrument. An FTIR will basically provide a spectral “fingerprint” of the
coating, or coating stack up. Whether or not the IRRIT works for a particular coating is
based on how much 3-5um IR wavelength can be transmitted thru the coating, the more
IR that is transmitted thru the coating the better your imaging with the IRRIT.



3.1.1.1. Navy Paint Schemes (P-3 Aircraft)

3.1.1.1.1. Primer and Topcoat

The P-3 (OML) uses Deft Primer Part No. 44-GN-7 Epoxy Primer meeting MIL-PRF-
85582 Type 1. The Top Coat is Hentzen, MIL-PRF-85285 Type 1 Urethane, Federal
Standard Color No. 16440, part # 04644AUX-3. The normal thickness of these coatings
will be investigated, as well as thickness values that may be encountered in service. For
example it is anticipated that thickness of coatings up to 4.8 mils total (paint spec) and
7.2 mils total (fleet touchup) will be tested, as worst-case scenarios. Thickness values
above 7.2 mils total will not be tested, for this particular paint scheme. It is assumed that
the aircraft would be stripped and hence no pollution savings would justify the
requirement to see under coatings thicker than 7.2 mils.

3.2 Optimization/Baseline

A 13 mm lens (primary lens to be used) will be used with the Indigo Merlin® mid-wave
IR (MWIR) camera since it will give reasonable standoff distances for the
demonstration/validation work. This lens gives FOV angles of 41 degrees in the
horizontal axis and 31 degrees in the vertical axis of the camera focal plane. Table D-1
illustrates the FOV in inches corresponding to a distance in inches from the object
surface. The instantaneous field of view (IFOV) resolution is essentially the FOV of an
individual pixel of the focal plane. This is the minimum size feature the camera can
resolve at a particular distance with this lens. The camera may detect smaller features
depending on the contrast of the feature to the surrounding area, but it will be displayed
at the IFOV resolution. Refer to Table A-1 in Appendix B for the Merlin® mid-wave IR
camera specifications. Information relating to the field of FOV and working distance and
resolution for the 13mm and 25mm lenses can be found in Table D-1 and Table D-2.



Table D-1: FOV in Inches for 13mm Lens

Distance to Surface | Horizontal [ IFOV Resolution | IFOV Resolution | Vertical FOV | IFOV Resolution | IFOV Resolution in
Inches FOV in Inches in Millimeters in Inches Millimeters
4 2.99 0.01 0.24 2.22 0.01 0.23
5 3.74 0.01 0.30 2.77 0.01 0.29
6 4.49 0.01 0.36 3.33 0.01 0.35
7 5.23 0.02 0.42 3.88 0.02 0.41
8 5.98 0.02 0.47 4.44 0.02 0.47
9 6.73 0.02 0.53 4.99 0.02 0.53
10 7.48 0.02 0.59 5.55 0.02 0.59
11 8.23 0.03 0.65 6.10 0.03 0.65
12 8.97 0.03 0.71 6.66 0.03 0.70
14 10.47 0.03 0.83 7.77 0.03 0.82
15 11.22 0.04 0.89 8.32 0.03 0.88
16 11.96 0.04 0.95 8.87 0.04 0.94
17 12.71 0.04 1.01 9.43 0.04 1.00
18 13.46 0.04 1.07 9.98 0.04 1.06
19 14.21 0.04 1.13 10.54 0.04 1.12
20 14.96 0.05 1.19 11.09 0.05 1.17
21 15.70 0.05 1.25 11.65 0.05 1.23
22 16.45 0.05 1.31 12.20 0.05 1.29
23 17.20 0.05 1.37 12.76 0.05 1.35
24 17.95 0.06 1.42 13.31 0.06 1.41
25 18.69 0.06 1.48 13.87 0.06 1.47
26 19.44 0.06 1.54 14.42 0.06 1.53
27 20.19 0.06 1.60 14.98 0.06 1.58
28 20.94 0.07 1.66 15.53 0.06 1.64
29 21.69 0.07 1.72 16.08 0.07 1.70
30 22.43 0.07 1.78 16.64 0.07 1.76
31 23.18 0.07 1.84 17.19 0.07 1.82
32 23.93 0.07 1.90 17.75 0.07 1.88
33 24.68 0.08 1.96 18.30 0.08 1.94
34 25.42 0.08 2.02 18.86 0.08 2.00
35 26.17 0.08 2.08 19.41 0.08 2.05
36 26.92 0.08 2.14 19.97 0.08 2.11
37 27.67 0.09 2.20 20.52 0.09 2.17
38 28.42 0.09 2.26 21.08 0.09 2.23
39 29.16 0.09 2.31 21.63 0.09 2.29
40 29.91 0.09 2.37 22.19 0.09 2.35
41 30.66 0.10 2.43 22.74 0.09 2.41
42 31.41 0.10 2.49 23.30 0.10 2.47
43 32.15 0.10 2.55 23.85 0.10 2.52
44 32.90 0.10 2.61 24.40 0.10 2.58
45 33.65 0.11 2.67 24.96 0.10 2.64
46 34.40 0.11 2.73 25.51 0.11 2.70
47 35.15 0.11 2.79 26.07 0.11 2.76
48 35.89 0.11 2.85 26.62 0.11 2.82

Note = Items in yellow are the prime distances of interest for the optimization/baseline testing.
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Table D-2: FOV in Inches for 25mm Lens

Distance to Surface | Horizontal FOV | IFOV Resolution | IFOV Resolution in | Vertical FOV | IFOV Resolution in | IFOV Resolution in
Inches in Inches Millimeters Inches Millimeters
12 4.67 0.01 0.37 3.37 0.01 0.36
13 5.05 0.02 0.40 3.65 0.02 0.39
14 5.44 0.02 0.43 3.94 0.02 0.42
15 5.83 0.02 0.46 422 0.02 0.45
16 6.22 0.02 0.49 4.50 0.02 0.48
17 6.61 0.02 0.52 4.78 0.02 0.51
18 7.00 0.02 0.56 5.06 0.02 0.54
19 7.39 0.02 0.59 5.34 0.02 0.57
20 7.78 0.02 0.62 5.62 0.02 0.59
21 8.16 0.03 0.65 5.90 0.02 0.62
22 8.55 0.03 0.68 6.18 0.03 0.65
23 8.94 0.03 0.71 6.46 0.03 0.68
24 9.33 0.03 0.74 6.75 0.03 0.71
25 9.72 0.03 0.77 7.03 0.03 0.74
26 10.11 0.03 0.80 7.31 0.03 0.77
27 10.50 0.03 0.83 7.59 0.03 0.80
28 10.89 0.03 0.86 7.87 0.03 0.83
29 11.27 0.04 0.89 8.15 0.03 0.86
30 11.66 0.04 0.93 8.43 0.04 0.89
31 12.05 0.04 0.96 8.71 0.04 0.92
32 12.44 0.04 0.99 8.99 0.04 0.95
33 12.83 0.04 1.02 9.28 0.04 0.98
34 13.22 0.04 1.05 9.56 0.04 1.01
35 13.61 0.04 1.08 9.84 0.04 1.04
36 14.00 0.04 1.11 10.12 0.04 1.07
37 14.38 0.04 1.14 10.40 0.04 1.10
38 14.77 0.05 1.17 10.68 0.04 1.13
39 15.16 0.05 1.20 10.96 0.05 1.16
40 15.55 0.05 1.23 11.24 0.05 1.19
41 15.94 0.05 1.27 11.52 0.05 1.22
42 16.33 0.05 1.30 11.81 0.05 1.25
43 16.72 0.05 1.33 12.09 0.05 1.28
44 17.11 0.05 1.36 12.37 0.05 1.31
45 17.49 0.05 1.39 12.65 0.05 1.34
46 17.88 0.06 1.42 12.93 0.05 1.37
47 18.27 0.06 1.45 13.21 0.06 1.40
48 18.66 0.06 1.48 13.49 0.06 1.43
49 19.05 0.06 1.51 13.77 0.06 1.46
50 19.44 0.06 1.54 14.05 0.06 1.49
51 19.83 0.06 1.57 14.34 0.06 1.52
52 20.22 0.06 1.60 14.62 0.06 1.55
53 20.60 0.06 1.64 14.90 0.06 1.58
54 20.99 0.07 1.67 15.18 0.06 1.61
56 21.77 0.07 1.73 15.74 0.07 1.67
57 22.16 0.07 1.76 16.02 0.07 1.70
58 22.55 0.07 1.79 16.30 0.07 1.73
59 22.94 0.07 1.82 16.58 0.07 1.76
60 23.33 0.07 1.85 16.86 0.07 1.78
61 23.71 0.07 1.88 17.15 0.07 1.81
62 24.10 0.08 1.91 17.43 0.07 1.84
63 24.49 0.08 1.94 17.71 0.07 1.87
64 24.88 0.08 1.97 17.99 0.07 1.90
65 25.27 0.08 2.01 18.27 0.08 1.93
66 25.66 0.08 2.04 18.55 0.08 1.96
67 26.05 0.08 2.07 18.83 0.08 1.99
68 26.44 0.08 2.10 19.11 0.08 2.02
69 26.82 0.08 2.13 19.39 0.08 2.05
70 27.21 0.09 2.16 19.68 0.08 2.08
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When the camera is looking at a gloss painted surface care must be taken with the IR
illumination. If the camera is looking at a gloss reflective surface, hot sources within the
virtual FOV will be imaged (see Figure D-2), as with a mirror. Hot IR sources should be
placed outside the virtual FOV with the sources directed toward the area to be viewed.
An approach that may be used is to illuminate the area with a low temperature broad area
diffuse source within the FOV, which would not saturate the camera, but would provide
sufficient illumination to see under the paint. If the surface is a matt or “camouflage” type

surface the light would be diffused and would not be re-imaged.
\ Gloss

7777,

/

Virtual

Field of
View \

Figure D-2: Virtual FOV

3.3. Specialty Coating Types and Thicknesses

The regions on the P-3 Orion that we are completing the Dem/Val are composed of
typical aircraft coatings that we have tested (via FTIR and with the IRRIT) and know to
be transparent in the wavelength that we are interested in. Optimized camera settings that
will be established upon completion of this test plan will be used as the same settings that
will be accomplished while imaging specialty coatings. An example of a specialty
coating is:

AMS-C-27725 Fuel Tank Coating, QPL PRC DeSoto Part # 825X309

3.4. Part Contours and Geometry

Due to the fact that the surfaces on aircraft are not all flat, studies must be accomplished
to find the optimized camera distance to the surface and proper IR illumination. IR
illumination becomes sensitive in regions that are extremely curved. The goal of the
laboratory studies shall be to find the optimized distance that the illuminators shall be
from the camera so that they do not reflect (and become bright spots/locations) on the
focal plane. The illuminators should be out of the FOV, yet still provide sufficient
illumination to penetrate the coating. A few samples with varying geometry (refer to
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Figure D-6, Figure D-7, Figure D-8, and Figure D-9) and bulk corrosion defects will be
manufactured and coated with the P-3 paint scheme, to establish the optimized distance.
The following optimized parameters shall be recorded, as a result of a given
contour/geometry:

- FOV at a given distance

- Optimized illuminator distance and angles

3.5. Dust, Dirt, Oils, and Grease

Surface contaminations will be investigated, including oil, grease, dust, fuel, water, and
hydraulic fluid. In the Dem/Val for the P-3, the aircraft will be inspected in the “as
washed condition”. Effectiveness of the cleaning procedures is questionable. This
requires testing lab samples with various surface contaminants.

3.6. Illumination Method

Various angles and intensities of the IR illuminators will be studied for the optimized
settings for the various scenarios that could occur during the Dem/Val. The goal of the
laboratory testing of the IR illuminators is to determine the optimized position and
intensity of the IR illuminators at various distances and contours/geometries. The
following variables must be studied in order to achieve an optimized system for the P-3
Dem/Val in regards to IR illumination:

e Wattage, Source design

e Angles/Part Geometry

e Substrate Temperature

3.7. Image Processing Software and Data Acquisition System

e Data Integration Time
e Non-Uniformity Correction (NUC)

3.8. Ergonomics

Ergonomics is an ongoing effort that shall be worked on in the laboratory to achieve a
system that is friendly and easy to use. The following items shall be optimized to meet
our needs:

o Size

e Weight

e Attachments

Comfort/Ease of Use

e Visual Displays

It should be noted that we are currently working on issues relating to cable management,
mounting an LCD display, handles, and mounting the illuminators in such a way that we
can measure the angles that they are directed.



N

. TEST LABORATORIES/FACILITIES

Northrop Grumman Integrated Systems — Bethpage, NY
Concurrent Technologies Corporation (CTC) — Largo, FL
NAVAIR (Navy) — Jacksonville, FL

Fort Bragg (Army) - Fayetteville, NC

USCG Air Station (Coast Guard) — Elizabeth City, NC

FLIR Systems Incorporated, Indigo Operations — Goleta, CA

5. SUMMARY OF OPTIMIZATION/BASELINE TEST PLAN

The goal of this optimization/baseline test plan is to test variables that could be
encountered in the field and test them in the lab. This will allow the IRRIT to be better
“prepared” for use at the Dem/Val.

In order for the technique to be successful the capabilities and the limits of the system
must be defined and tested.



Test
Variables

v v v

Coating Thickness Surface Temperature Distance
e 1.5 mils to 2.4 mils e O60°F£2°F (Camera Lens to Area of Interest)
e 3.0 mils to 4.8 mils e T70°F+2°F e 4inches .5 inches
e 4.5 mils to 7.2 mils e 80°F+2°F e 6 inches £ .5 inches
e 6.0 mils to 9.6 mils e 90°F+2°F o 8inches £.5 inches
e 100°F+2°F e 12 inches £.5 inches

—————— THE FOLLOWING ITEMS SHALL BE OPTIMIZED BASED ON THE ABOVE TEST VARIABLES. == == m= = == e

|

Optimization

I
: |

Illumination Camera/Software
Procedure Procedure

Figure D-3: Approach for Optimizing/Baselining the IRRIT + Blackbody Technique
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Table D-3: Optimization/Baseline Variables

Optimized Resolution Resulis and Settings (w/1951 USAF Class Slide Resolution Target - Negative, Filiform Samples, and P-3 Fuselage Coniour Samples)

Vaziahles IR I Methed Settings Camera Setiings
(i) 3 §
— Mluminstors | uminaiors IR uminaior| ¢ 200 120 D | Sample
Coating Thickness Temperature | Distance from Sample | (LefiRight) | (UpDown) | Amm Swpport | oo o o0 Wattage Nue Iniegration Result
(Mavy P-3 Paint Scheme) {Camera Lens to Sample) - g ¥ Muminators | (Range = 0-22watis) | (2-Point Correction) Time

1.5 mils to 2.4 mils E0°F & 2°F 4 inches + .5 inches
1.5 mils to 2.4 uils E0°F + 2°F & inches + 5 inches
1.5 mils to 2.4 mils E0°F & 2°F 8 inches + .5 inches
1.5 mils to 2.4 mils E0°F & 2°F 12 inches + .5 inches
1.5 mils to 2.4 uils IO°F £ 2°F 4 inches + 5 inches
1.5 mils to 2.4 mils OF & 2°F & inches + .5 inches
1.5 mils to 2.4 mils 0°F 2°F 8 inches + .5 inches
1.5 mils to 2.4 uils IO°F £ 2°F 12 inches + 5 inches
1.5 mils to 2.4 mils B0°F & 2°F 4 inches .5 inches
1.5 mils to 2.4 mils B0°F & 2°F & inches + .5 inches
1.5 mils to 2.4 ils 8O0°F + 2°F 8 inches + 5 inches
1.5 mils to 2.4 mils B0°F & 2°F 12 inches & .5 inches
1.5 mils to 2.4 mils S0°F & 2°F 4 inches + .5 inches
1.5 mils to 2.4 uils S0F £ 2°F & inches + .5 inches
1.5 mils to 2.4 mils SO°F + 2°F 8 inches + 5 inches
1.5 mils to 2.4 mils S0°F & 2°F 12 inches + .5 inches
1.5 mils to 2.4 mils 100°F & 2°F 4 inches + .5 inches
1.5 mils to 2.4 uils 100°F + 2°F & inches + 5 inches
1.5 mils to 2.4 mils 100°F £ 2°F 8 inches + .5 inches
1.5 mils to 2.4 mils 100°F & 2°F 12 inches + .5 inches
3.0 mils to 4.8 mils E0°F + 2°F 4 inches + 5 inches
3.0 mils ta 4.8 mils E0°F & 2°F & inches + .5 inches
3.0 mils ta 4.8 mils E0°F & 2°F 8 inches + .5 inches
3.0 mils to 4.8 mils E0°F + 2°F 12 inches + 5 inches
3.0 mils ta 4.8 mils IO°F & 2°F 4 inches .5 inches
3.0 mils ta 4.8 mils 70°F £ 2°F & inches + .5 inches
3.0 mils o 4.8 mils I0°F £ 2°F 8 inches + 5 inches
3.0 mils ta 4.8 mils IO°F & 2°F 12 inches & .5 inches
3.0 mils ta 4.8 mils B0°F & 2°F 4 inches + .5 inches
3.0 mils to 4.8 mils BOF £ 2°F & inches + .5 inches
3.0 mils to 4.8 mils B0°F + 2°F 8 inches + 5 inches
3.0 mils ta 4.8 mils B0°F & 2°F 12 inches + .5 inches
3.0 mils ta 4.8 mils SOF & 2°F 4 inches + .5 inches
3.0 mils o 4.8 mils 90°F + 2°F & inches + 5 inches
3.0 mils to 4.8 mils S0°F & 2°F 8 inches + .5 inches
3.0 mils ta 4.8 mils S0°F & 2°F 12 inches + .5 inches
3.0 mils to 4.8 mils 100°F + 2°F 4 inches + 5 inches
3.0 mils ta 4.8 mils 100°F £ 2°F & inches + .5 inches
3.0 mils ta 4.8 mils 100°F & 2°F 8 inches + .5 inches
3.0 mils to 4.8 mils 100°F + 2°F 12 inches + 5 inches
4.5 mils ta 7.2 mils E0°F & 2°F 4 inches + .5 inches
4.5 mils ta 7.2 mils E0°F & 2°F & inches + .5 inches
4.5 mils o 7.2 mils E0°F + 2°F 8 nches + 5 inches
4.5 mils ta 7.2 mils E0°F & 2°F 12 inches & .5 inches
4.5 mils ta 7.2 mils 70°F £ 2°F 4 inches + .5 inches
4.5 mils to 7.2 mils I0°F £ 2°F & inches + 5 inches
4.5 mils ta 7.2 mils IO°F & 2°F 8 inches .5 inches
4.5 mils ta 7.2 mils 70°F £ 2°F 12 inches + .5 inches
4.5 mils o 7.2 mils BOF £ 2°F 4 inches + .5 inches
4.5 mils o 7.2 mils B0°F + 2°F & inches + 5 inches
4.5 mils o 7.2 mils B0°F & 2°F 8 inches + .5 inches
4.5 mils o 7.2 mils B0°F & 2°F 12 inches & .5 inches
4.5 mils o 7.2 mils 90°F + 2°F 4 inches + 5 inches
4.5 mils ta 7.2 mils S0°F & 2°F & inches + .5 inches
4.5 mils ta 7.2 mils S0°F & 2°F 8 inches + .5 inches
4.5 mils o 7.2 mils 90°F + 2°F 12 inches + 5 inches
4.5 mils ta 7.2 mils 100°F £ 2°F 4 inches + .5 inches
4.5 mils ta 7.2 mils 100°F & 2°F & inches + .5 inches
4.5 mils o 7.2 mils 100°F + 2°F 8 nches + 5 inches
4.5 mils ta 7.2 mils 100°F £ 2°F 12 inches & .5 inches
6.0 mils ta 9.6 mils E0°F & 2°F 4 inches + .5 inches
.0 mils to 2.6 mils E0°F + 2°F & inches + 5 inches
.0 mils to 9.5 mils E0°F & 2°F 8 inches .5 inches
6.0 mils ta 9.6 mils E0°F & 2°F 12 inches + .5 inches
6.0 mils ta 9.6 mils F2F 4 inches + .5 inches
6.0 mils o 9.6 mils I0°F £ 2°F & inches + 5 inches
6.0 mils ta 9.5 mils T0°F & 2°F 8 inches + .5 inches
6.0 mils ta 9.6 mils 0F £ 2F 12 inches & .5 inches
&0 mils to 9.5 mils BO°F + 2°F 4 inches + 5 inches
6.0 mils to 9.6 mils B0°F & 2°F & inches + .5 inches
6.0 mils o 9.5 mils B0°F & 2°F 8 inches + .5 inches
.0 mils to 2.6 mils BO0°F + 2°F 12 inches + 5 inches
.0 mils to 9.5 mils SO°F & 2°F 4 inches + .5 inches
6.0 mils o 9.5 mils S0°F & 2°F & inches + .5 inches
.0 mils to 2.6 mils 90°F + 2°F 8 nches + 5 inches
.0 mils to 9.5 mils SO°F & 2°F 12 inches & .5 inches
6.0 mils ta 9.6 mils 100°F £ 2°F 4 inches + .5 inches
.0 mils to 2.6 mils 100°F + 2°F & inches + 5 inches
.0 mils to 9.5 mils 100°F £ 2°F 8 inches .5 inches
6.0 mils ta 9.5 mils 100°F £ 2°F 12 inches + .5 inches




Mirror Image
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Figure D-4: Angle Designations for IR Illuminators




Test Panel Design #1 A—> Lab Induced Corrosion — Filiform Exposure

2024-T3 Clad Aluminum

—— 3inches — Filiform Exposure:

This design shows corrosion
due to filiform exposure. The
duration of filiform exposure
per ASTM D2803 is 1000
hours. This scenario will
™ show filiform corrosion
Scr;cd Region along the scribed region and
’ © under the primer + topcoat.

6 inches

Figure D-5: Panel Design #1A

USAF 1951 1X EDMUND

D 1
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3= Mgy NS
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4= E&ws WES
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s=m =1

3" x 3" Slide

Figure D-6: 1951 USAF Glass Slide Resolution Target (Negative)




Figure D-7 and Figure D-8 illustrates the curvature of the P-3 fuselage at fuselage station
(FS) 901 and fuselage station (FS) 1117 respectively.
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Figure D-7: P-3 Fuselage Contour Scenario #1 - FS901 (Radii = 68 inches)
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Figure D-8: P-3 Fuselage Contour Scenario #2 - FS1117 (Radii = 48 inches)
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Figure D-9 shows the calculations that were required to generate a scaled down test
article, which were based on the calculations shown in Figure D-7. This test article will

simulate the curvature of the fuselage that will be encountered on the P-3 aircraft during
the Dem/Val.

Test Article for Scenario #1: “FS901” = radii of 68”

ot=28-9¢°
o, = MH1T°

a:e"ll
. 7,
¢ xel X 3416 R 13

Length of hec= L= —"-"}:—— sine, = gf Ot
. 17"

L= 00174 ¢ of, = WATT

s, =L

{ = 0,01148 xC& x 28,96 o =y

442" o =283

Scale/Size = 35% of Original (radii of 68”)

2024-T3 aluminum

(.032 inch thickness)

3436inChes ~—— eoccams=canan

______

< 33.66 inches

Width (not shown) = 24"

Figure D-9: P-3 Fuselage Contour - Test Article for Scenario #1



Figure D-10 shows the calculations that were required to generate a scaled down test
article, which were based on the calculations shown in Figure D-8. This test article will

simulate the curvature of the fuselage that will be encountered on the P-3 aircraft during
the Dem/Val.

Test Article for Scenario #2: “FS1117” = radii of 48”

C=23I8" o
ot = 1898

ot =M1
——>

C‘L :’LIS"
1L
Leagth of Arc = L = &;3&& Ginat, = g 2 02F
i§o
£=00rMS e o, = W47
£ = 6.0 NS XY4Ex L8GS ety O
L=ovas” ot = QIS

Scale/Size = 35% of Original (radii of 48™)

2024-T3 aluminum
(.032 inch thickness)

” 23.76 inches >

Width (not shown) = 24"

Figure D-10: P-3 Fuselage Contour - Test Article for Scenario #2



This backing material will be a flat

black, so it will not induce reflection
issues on the experiment. }47 3> 4>{
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Figure D-11: Sample Required to Resolve Curvature of Camera Lens Issues (FOV)



Table D-4: Specification Table - USAF Glass Slide Resolution Target

Number of Lines per mm in USAF Resolving Power Test Target 1951
(Edmund Optics Incorporated Stock Number NT36-275)

Group Number
Element -2 -1 0 1 2 3 4 5 6
1 0.25 0.5 1 2 4 8 16 32 64
2 0.28 0.561 1.12 2.24 4.49 8.98 17.95 36 71.8
3 0.315 0.63 1.26 2.52 5.04 10.1 20.16 40.3 80.6
4 0.353 0.707 1.41 2.83 5.66 11.3 22.62 45.3 90.5
5 0.397 0.793 1.59 3.17 6.35 12.7 25.39 50.8 102
6 0.445 0.891 1.78 3.56 7.13 14.3 28.5 57 114
Substrate 1.5mm (0.06") soda lime glass with beveled edges
Flatness 0.0001" or better
Surface Quality 40-10
Coating Vacuum-deposited durable chromium, density 3.0 or greater
Minimum Resolution | Group -2, Element 1
Maximum Resolution | Group 7, Element 6
Table D-5: P-3 OML Paint Scheme - Laboratory Panels
P-3 OBML Paint Scheme
Total Thickness of Primer |Total Thickness of Topcoat
Test Panel Subsirate | Surface P tio Total Coating Thickne
Design # e Preparation I v PRF-85582 Type | | MIL PRE-85285 Type 1 | LU0 -03ting 55
(Defi 44-GN.7) (Hentzen Color & 16440)
2024-T3 *(Clad and Bare 0.5 mils to 0.9 mils 1 0 mils to 1.5 mils 1.5 mils to 2.4 mils
2024-T3 *(Clad and Bare 1.0 mils to 1.8 mils 20 mils to 3.0 mils 3.0 mils to 4.8 mils
#1 A "Filiform"
2024-T3 *Clad and Bare 1.5 mils to 2.7 mils 30 mils to 4.5 mils 4.5 mils to 7.2 mils
2024-T3 *(Clad atud Bare 20 mils to 3.2 mils 40 mils to 6.0 mils 6.0 mils to 96 mils
s T e 0.5 mils to 0.9 mils 1.0 mils to 1.5 mils 1.5 mils to 2.4 mils
Durable Chromivm
ST USAF | o0 o Lime Glass | | 2owwDepesited 1.0 mils to 1.8 mils 2.0 mils to 3.0 mils 3.0 mils to 43 mils
Fezolutioh Durable Chromium
Target . Vacuum-Deposited . . . . . .
(Negative) Goda Lime Glass Drugabls Cheominm 1.5 mils to 2.7 mils 30 mils to 4.5 mils 45 mils to 7.2 mils
s T e 2.0 mils to 3.2 mils 40 mils to 6.0 mils 6.0 mils to 9.6 mils
Durable Chromium

Maote *Clad and Bare = Traditionally clad alurinurm is used in filiform testing. Clad aluminurn and bare alurinum will be manufactured

and the panels that create the filiform filarments the guickest shall be used in our optimization/baseline testing.
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E.1 Navy P-3 Coating System Samples

1P = .9 mils

2P = 3.2 mils
1P1T = 2.1 mils
2P1T =4.16 mils
2P2T = 4.61 mils

DHR of P-3 Aircraft Paint Scheme

70

—— 1 Layer Primer

—— 2 Layers Primer
1 Layer Primer + 1 Layer Topcoat
2 Layers Primer + 1 Layer Topcoat

60 1 ——2Layers Primer + 2 Layers Topcoat \\//
50 A

40 ~

30 4

% Reflectance

) | M

0 T T T T T T
25 3 35 4 4.5 5 55

Wavelength (micrometers)

Figure E-1: Spectral Signature of Navy P-3 Coating
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E.2 Filter Evaluation

Issue:

IR filter optimization activity was performed based on the transmission spectra of
the P-3 paint scheme (see Figure E-2). Selection of the optimized filter was conducted at
FLIR/Indigo Operations in Goleta, California. Several possible spectral filters were
considered. Figure E-3 illustrates DHR spectra for individual candidate spectral filters.
The filters were installed on a filter wheel that was connected to a laboratory Merlin®
Mid IR camera (liquid-nitrogen cooled). Figure E-4 illustrates the filter evaluation setup
whereby a sample was imaged using both a standard Merlin® IR camera and a Merlin®
IR camera equipped with a filter wheel.

Optimal Wavelength Transmission Band

a0

=—DL-PEF-85582 Type I Primer
M1  =——MIL-PRF-85285 Type I Topcoat

= i ﬁ/_a’i'_~ﬂ—\
/’N !
a0 & i \
I
o Y Area of
dht

A

25 SjD 35 4jD 4j5 20 SjS g0
Wavelength (micrometers)

%o Transmission

Note: Coatings are standard mil-spec thicknesses.

Figure E-2: Improved Spectral Window for IRRIT
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% Transmission

Filter Evaluation

100 \ \ \ \ \
— 3-5 micrometer filter
90 ot —— 3.75-5 micrometer filter
\,’1 \ 3.5 micrometer filter
3.75 micrometer filter
80 V'
— 5.5 micrometer filter
70
V
60
50
40 -
30
20
10 4 k
0 e ‘ ‘ k | J
0 2 4 5 6 7 8 9 10 11 12 13

Wavelength (micrometers)

14

15

16

Figure E-3: Spectra of Filters Evaluated
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Filter Evaluation
17-18 March 2005

Laboratory
Iderlin T,
Cooled Camera
wiFilter Wheel

Standard
Merlin MOWIE

Camera

—~ s . 5 ) Ao

Figure E-4: Filter and Camera Comparison

Sample

(w/2 Layers Aircraft Primer + 2 Layers Camouflage Aircraft Topcoat)

r ro— R TP
gl e o i AP
P = . L R
sy 3 . gy % "'-_ i
- e .

f )

.

3-5 ym: STANDARD FILTER 3.75-5 pm: OPTIMIZED FILTER

Figure E-5: Optimized Filter versus COTS Filter
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IR Images obtained w/Rtools

Representative of P-3 Aircraft Paint Scheme

Far View Close View
7075 Shot Peened Aluminum Corroded for 8 Hours ASTM B117 Salt Fog Exposure
with
Primer: MIL-PRF-85582 Type I (Deft 44-GN-7)
Topcoat: MIL-PRF-85285 Type I (Hentzen Color # 16440)

Figure E-6: Rtools Results

Figure E-6 represents images that were obtained using the RTools software. In
addition to optimizing the IR camera filter, it was also thought that the RTools software
would be able to generate superior images compared to the previous method which was
to capture them directly from the IR camera and store them as digital files. However, the
results concluded that the RTools software, for this particular application was of no added
benefit to the Dem/Val, and actually complicates an otherwise simple process.

Figure E-6 also shows the results of the optimized filter system, which cuts off the
lower wavelength glare allowing the camera to be more sensitive in the 3.75 to 5 um
window. It was found that the 3.75 -5 micrometer filter produced the best contrast
between corroded and non-corroded surfaces as seen in Figure E-5. The final selected
filter was incorporated into the Merlin® Mid IR camera. Indigo measured the spectral
response of the specialized filter system. Figure E-7 illustrates the normalized
performance of the Merlin® camera lens system with the specialized filter.
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Relative Photon Spectral Response
1.00
0.90 W\ £
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|
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Figure E-7: Spectral Response Curve for Optimized Filter

Indigo-measured spectral response curve for filter-lens system to be incorporated into the IRRIT
camera.
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E.3 Free Standing Films

Types of Free Standing Films (FSF) used are illustrated Table E-1:

MIL-PRF-85285, Deft APC Color # 36118
MIL-PRF-85285, Deft APC Color # 36173

MIL-PRF-85285, Deft High Solids Color # 36293
MIL-PRF-23377, Deft Primer Type 1

TT-P-2760, Deft Primer Type 1

Table E-1: Type and Thickness of Free Standing Films

Free Standing Film Thickness Measurements

Coating # of Thickness Thicl.mess Thickness tﬁi\;irr?egs,es

Layers (mils) (mils) (mils) (mils)

1 1.3 1.5 1.4 1.40

MIL-PRF-85285, Deft APC Color # 36118 2 1.8 1.6 L5 1.63
3 2.0 2.5 2.2 2.23

4 2.6 2.8 2.7 2.70

1 1.9 1.8 2.0 1.90

2 2.6 2.5 2.4 2.50

MIL-PRF-85285, Deft APC Color # 36173 3 37 33 34 3.63
4 3.6 3.7 3.7 3.67

1 2.8 2.9 2.9 2.87

MIL-PRF-85285, Deft High Solids Color # 36293 2 4.5 4.2 4.5 4.40
3 53 52 54 5.30

4 5.5 5.6 5.6 5.57

1 1.3 1.4 1.2 1.30

MIL-PRF-23377, Deft Primer Type 1 2 4.5 4.5 4.4 i

3 3.9 4.2 4.0 4.03

4 4.5 4.8 4.4 4.57

1 1.3 1.4 1.5 1.40

TT-P-2760, Deft Primer Type 1 2 2.9 2.6 2.7 2.73

3 2.9 3.1 3.0 3.00

4 3.7 3.6 3.8 3.70

Standard FTIR transmission scans were performed on a Thermo Magna 550 FTIR
Spectrometer. The wavelength range of the scans was 1.78-15.3um. The area of interest
for these films is in the range of 3-5um. The samples were prepared by painting 12 inch
square polyethylene bags. The paint coatings were cut and peeled off the bag once they

were fully cured.
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FTIR - % IR Transmission

60 : : ‘ ‘ .
—— MIL-PRF-85285, Deft APC Color #36118, 1.40 mils
—— MIL-PRF-85285, Deft APC Color #36118, 1.63 mils
g MIL-PRF-85285, Deft APC Color #36118, 2.23 mils
50 A\
[’ \ MIL-PRF-85285, Deft APC Color #36118, 2.7 mils
40 -

)

20

% Transmission
w
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e ———
|

o
AN
M
0 \
0 2 4 6 8 10 12 14 16

Wavelength (micrometers)
Figure E-8: FTIR Results of MIL-PRF-85285 (Color #36118)

Figure E-8 illustrates the dark camo gray topcoat has a big transmission drop off with
increasing film thickness.
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FTIR - % IR Transmission

80
—— MIL-PRF-85285, Deft APC Color #36173, 1.90 mils
—— MIL-PRF-85285, Deft APC Color #36173, 2.5 mils
70 A MIL-PRF-85285, Deft APC Color #36173, 3.63 mils
ﬂ m MIL-PRF-85285, Deft APC Color #36173, 3.67 mils
60 f/"‘
50 \

T

% Transmission

40 /—\
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AR
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0 2 4 6 8 10 12 14 16
Wavelength (micrometers)

Figure E-9: FTIR Results of MIL-PRF-85285 (Color #36173)

Figure E-9 illustrates the light camo gray topcoat is a little more transmissive than the
dark camo gray when comparing thicknesses.
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FTIR - % IR Transmission

80 ‘ ‘ ‘ ‘ .
— MIL-PRF-85285, Deft High Solids Color #36293, 2.9 mils
"’\f“"\ — MIL-PRF-85285, Deft High Solids Color #36293, 4.4 mils
70 MIL-PREF-85285, Deft High Solids Color #36293, 5.3 mils
Nﬁ MIL-PRF-85285, Deft High Solids Color #36293, 5.6 mils
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Figure E-10: FTIR Results of MIL-PRF-85285 (Color #36293)

Figure E-10 illustrates the high solids topcoat and as coating thickness increases,
transmission capability in the 3-5um wavelength region decreases. This spectra is on the
same scale as the primer FTIR spectra. A typical coating of 3 mils yields about 70%
transmission.



FTIR - % IR Transmission

80 I I I I
—— MIL-PRF-23377, Deft Primer, 1.30 mils
—— MIL-PRF-23377, Deft Primer, 4.03 mils
70 i A MIL-PRF-23377, Deft Primer, 4.47 mils ||
/ MIL-PRF-23377, Deft Primer, 4.57 mils
60

Jol
S A
L
TN AN

. \ L,\M VM, ﬂLJ\Jb | V \\,

0 2 4 6 8 10 12 14 16
Wavelength (micrometers)

% Transmission

Figure E-11: FTIR Results of MIL-PRF-23377
Figure E-11 illustrates the thick primer has very little transmission in the region of

interest (3-Spum). If the 23377 primer is properly applied on the aircraft, the Merlin®
MWIR camera should be able to image through to the substrate.
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FTIR - % IR Transmission

70 | | | |
—— TT-P-2760, Deft Primer Type 1, 1.4 mils

M —— TT-P-2760, Deft Primer Type 1, 2.7 mils
60

TT-P-2760, Deft Primer Type 1, 3 mils -
M TT-P-2760, Deft Primer Type 1, 3.7 mils
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% Transmission

10 A

A
) U) | HMX AN AYAA

0 2 4 6 8 10 12 14 16
Wavelength (micrometers)

Figure E-12: FTIR Results of TT-P-2760 Type I

Figure E-12 illustrates the 2760 primer is just as transmissive as the 23377 primer when it
is thin. Note the large absorbance at 3.4um.



E.4 Ergonomics

Issue:

The purpose of this test report was to investigate methods of improvement regarding
ergonomics and the IRRIT system. During initial technology demonstrations it was noted
that the IRRIT system operator could only hold the camera for short durations (minutes)
before becoming physically fatigued. Packaging the MWIR camera into a smaller/lighter
system will improve ergonomics (Figure E-13, Figure E-14, and Figure E-15).

In general, it is good practice (ergonomically) to use the largest appropriate muscle
groups available when muscular force is exerted. However, the initial set-up of the IRRIT
system required the operator to hold the camera. Holding the camera caused fatigue in the
users arm and shoulder muscles. This led to mounting the IRRIT system on a
vest/harness and also on a tripod. Implementation of the vest/harness and the tripod
occurred during the Navy P-3 Dem/Val. Previously, the operator could only hold the
IRRIT system for a matter of minutes before becoming fatigued; with the use of the
vest/harness the operator was able to use the IRRIT system for hours. Mounting the
IRRIT system on a tripod (Figure E-17) or harness/vest (Figure E-16) requires little to no
effort (physically) on the operator.

Camera Sizes — Top View

(T

COTS Merlin® WWIE COTS MilCam Recon® “Customized” MilCam SONTY Handycam®
Catnera WWIR Camera Recon® MWIR Camera Video Camera

Figure E-13: Camera Dimension Comparison (View 1)
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Camera Sizes — Side View

0

il

COTS Merlin® WWIE COTS MilCam Recon® “Customized” MilCam SONTY Handycam®
Catnera WWIR Camera Recon® MWIR Camera Video Camera

Figure E-14: Camera Dimension Comparison (View 2)




Figure E-17: User with IRRIT Equipment Mounted on Tripod
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E.5 CARC Coatings

Issue:

The purpose of this test report was to investigate the IR transmission of various
CARC coatings. These CARC coating are on almost all of the Army land and air
platforms/vehicles. Free standing films of these CARC coatings were required for Fourier
Transform Infrared (FTIR) transmission testing. These free standing films were also
placed in front of the Merlin® Mid-Wave IR Camera (3-5 micrometers) with an IR
source in back of the film. This will test whether or not the IR source can be detected
through the free standing film via the Merlin® Mid-Wave IR Camera. Results were
documented and are summarized in this report.

The list of the CARC free standing films used in this report is as follows:
Table E-2: CARC Free Standing Films

. . . Coating/Film
Coating Specification Color # Manufacturer Thickness
MIL-C-46168 Type IV Green # 34094 Sherwin Williams 3.3 mils
MIL-C-46168 Type IV Black # 37030 Sherwin Williams 4 mils
MIL-C-46168 Type IV Black # 37030 Sherwin Williams 9.3 mils
MIL-C-53039A Green # 34094 Sherwin Williams 6 mils
MIL-C-64159 Type I Black # 37030 Sherwin Williams 5.6 mils

Two different free standing film thicknesses of the Navy P-3 topcoat were also included

in testing for comparison purposes. They are as follows:

Table E-3: Navy P-3 Free Standing Films (for comparison purposes only)

. . . Coating/Film
Coating Specification Color # Manufacturer Thickness
MIL-PRF-85285 Type I | Gloss Gray # 16440 Hentzen 2 mils
MIL-PRF-85285 TypeI | Gloss Gray # 16440 Hentzen 4 mils




FTIR Transmission

35
—— MIL-C-46168 Type IV, Green #34094, Thickness = 3.3 mil
—— MIL-C-53039A, Green #34094, Thickness = 6 mil
30 +—
MIL-C-64159 Type II, Black #37030, Thickness = 5.6 mil
—— MIL-PRF-85285, Gloss Gray #16440, Thickness = 4 mil
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Figure E-18: FTIR Transmission Results of CARC Free Standing Films

Figure E-18 depicts the transmission spectra for the CARC free standing films compared
to the Hentzen P-3 topcoat. The 46168 Black (both thicknesses) is not plotted as its
spectra is zero in the 2-6um range.
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FTIR Transmission
0.8
—— MIL-C-46168 Type IV, Green #34094, Thickness = 3.3 mil
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Figure E-19: FTIR Transmission Results of CARC Free Standing Films

Figure E-19 illustrates the expanded transmission scale of the CARC coatings FTIR.
Note the scale of the % transmission.

The FTIR spectra illustrates the opaqueness of the CARC coatings in the 3-5 wavelength.

This confirms the poor imaging performance of the Mid-IR camera utilizing the IRRIT
methodology. We can not “see” through these coatings.
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An additional test was utilized to determine the effectiveness of imaging though the
CARC coatings with the IR camera.

A standard halogen light was used as a source to view the paint films with the Merlin®
IR camera. The IR camera was set up to view the light source. The paint films on the
plastic substrate were then introduced between the source and the IR camera. Photos were
taken for no film in the FOV, Hentzen 2 mil P-3 paint film (single and double layer), and
for a single layer of the CARC 3 mil 46168 Green top coat.

|
l

¥

Merhin Free IR Source
Mid-Wave Standing
IR Camera Film

Figure E-20: Schematic of Free Standing Film Test




MWIR Camera and Free Standing Film Set-Up
_ Visible Image | IFLI#HE
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No Free Standing Film

Figure E-21: No Sample Between IR Source and IR Camera

P-3 Topcoat (MIL-PRF-85285) Free Standing Film
Thickness = 2 mils

Figure E-22: IR Camera Detects IR Source through 1 Layer of P-3 Topcoat
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MWIR Camera and Free Standing Film Set-Up

4

T A - .

P-3 Topcoat (MIL-PRF-85285) Free Standing Film
Thickness = 4 mils

Figure E-23: IR Camera Detects IR Source through 2 Layers of P-3 Topcoat

MWIR Camera and Free Standing Film Set-Up

Source Mot Visible
rough Coating

MIL-C-46168 Type IV (Green #34094), Free Standing Film
Thickness = 3.3 mils

Figure E-24: IR Camera Cannot Detect IR Source through CARC Coating
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MWIR Camera and Free Standing Film Set-Up

MIL-C-46168 Type IV (Green #34094), Free Standing Film
Thickness = 3.3 mils

Figure E-25: IR Camera Cannot Detect IR Source through CARC Coating
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E.6 IR Camera Resolution Study

Fixture to Hold AF Target Specimens

A test set up was designed for the test program that fixtures the AF target sample produced to
establish if the lens and FOV are uniform over the whole FOV. This is needed to confirm the
uniformity of the field so that detection thresholds of various corrosion defect sizes can be
established with accuracy. The test fixture was utilized in the Lab and produced images indicating
the degree of distortion. The section, FOV Testing for Image Resolution and Quality, below
illustrates some of the images produced in this on going study.

USAF Target — Distortion Test

USAF Target Off-Centered = USAF Target Centeredto  USAF Target Off-Centered
to MWIR Camera MWIR Camera to MWIR Camera

Note: Distance from MWIR Camerato Sample = 8 inches
Minimal Distortion at this Distance

USAF Targer Coced with P-3 Aireraft Paint Scheme (Primer +Topcodz).

Figure E-26: AF Target Distortion Test

Figure E-26 illustrates IR Image of a 3 inch square Air Force resolution target. A 2 layer
coating of the P-3 paint scheme covers this sample. The center of the sample was
translated to the edges of the FOV of the camera. The smallest resolution pattern was
maintained in the camera’s FOV.
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USAF Target — Resolution/Distance Test

ot — .

MWIR camera 10 inches firom sample MWIR camera 14 inches firom sample

UESAF Target Coafed with F-3 dircrafi Faini Scheme (Frismer +Topeoai).

Figure E-27: AF Target Resolution-Distance Test

Figure E-27 illustrates IR Images of painted AF Target Standard taken from differing
camera to sample distances.
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Filiform Sample — Resolution/Distance Test

M MWIR camera 10 inches firom sample 4

MWIR camera 14 inches fiom sample

Filiform Sampls Coated with P-3 Aircraft Paint Scheme (Frimer +Tapeoat).

Figure E-28: Filiform Coupon Resolution-Distance Test

Figure E-28 IR Images of P-3 painted filiform coupon taken at differing camera to
sample distances.
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Corrosion Sample — Resolution/Distance Test

MWIR camera 10 inches fiom sample

MWIR camera 14 inches from sample

Carrosion Sample Coaied with F-3 dircraft Faint Scheme (Primer +Tapeoat).

Figure E-29: Corrosion Coupon Resolution-Distance Test

Figure E-29 IR Images of P-3 painted corrosion coupon taken at differing camera to
sample distances.
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E.7 IR Reflectance vs. Blackbody

Thermal Analysis Conducted Utilizing a Controlled Water Bath

The contrast issue was studied with a very accurate and uniform surface temperature
controlled by a water bath as illustrated in Figure E-30, as well as directionally controlled
IR heaters in which the wattage could be precisely controlled along with angles and
measurement techniques to control the direction of the IR flux off the illuminators.

An analysis of substrate temperatures was conducted to ensure the temperature conditions
which may be encountered at the depot inspection areas would not degrade the
performance of the IR camera corrosion detection system. This was accomplished by
using a bath of water with enough thermal mass so that the temperature does not either
cool down fast of heat up fast. Hot water was first added to the tank and the temperature
of the painted corroded face that formed one of the faces of the thermal bath was
monitored with a Raytech® Laser Pyrometer. Since water was directly against the face
that was being observed a very close and uniform temperature was observed. This
allowed for controlled analysis of the thermal illumination necessary to observe the
corrosion. The first runs consisted of Blackbody observations of corrosion at elevated
temperatures. The corrosion being more emissive than the surrounding metal (aluminum)
appeared white under the IR camera and in fact was self illuminating. As the water
temperature dropped the intensity of the blackbody self-illumination also dropped.

It was found that even at elevated temperature conditions found in the blackbody mode, it
was possible for the IR illuminations lamps to override the effects of the blackbody
condition and turn the corrosion observed in the IR camera from white to a dark
condition, as normally seen in the IRRIT mode. It is important to note that the thermal
conditions of the substrate will dictate the amount of illumination wattage of the heaters
required to over-come the blackbody effects. In any case, the amount of wattage required
to put the IR camera over from the blackbody mode to the IRRIT or reflectance mode
was low and hence, the contrast issue should not be considered a problem in the
inspection process, provided the illumination procedures include the use of controlled
angled IR sources adjusted to optimize the image contrast.



Figure E-30 above illustrates the laboratory set up used to analyze the temperatures that
are likely to be anticipated during inspection demonstrations at warm climate areas (e.g.,
Jacksonville, FL). A water bath was used to control the surface temperature of the epoxy
primed (MIL-PRF-85582 Type 1) and polyurethane topcoated (MIL-PRF-85285 Type 1)
corroded panels illustrated in Figure E-30. The monitor to the left of the IR camera was
used to continuously monitor the corrosion image real time during the temperature
analysis. A number of IR photographs were taken to understand the potential effects of
temperature on contrast.

Additional testing was accomplished on a heavily corroded standard panel produced with
the aid of ASTM 117 salt fog and Clorox” bleach. The following images illustrate the
effect of a 95°F substrate temperature that has been primed and painted with a P-3 Orion
equivalent finish system. As was illustrated in Figure E-31 (B), the corrosion can not be
detected under certain illumination conditions with certain substrate conditions produced
by the Blackbody emission for the corrosion when illuminated with IR heaters at 4.35
watts. Figure E-31 (A) illustrates the corrosion, as light in the blackbody mode, as the
corrosion in this mode emits more energy than the surrounding non-corroded areas. Note:
No illuminators were used for the imaging of Figure E-31 (A).

Heavy corrosion is illustrated by the light squares and the tapering rectangle to the right
in Figure E-31 (A). In the blackbody mode corrosion gives off or emits more heat than
the surrounding un-corroded aluminum structure. This physical transfer of heat is clearly
seen as the corrosion appears white indicating a higher heat flux. Disregard the narcissus
effect, which is an optical phenomenon of IR scanning systems which describes how a
detector can look back at itself or view a mixture of active scene and itself for certain
angles of scan. In Figure E-31 (A-C) the lens reflects off the substrate, as illustrated as a
small black dot with a larger black circle surrounding the black dot.

Figure E-31 (B) illustrates the effect of almost zero contrast which is produced when both
the corroded surface and the non-corroded surface give off approximately the same heat
flux. This occurs when the blackbody heat flux from the corroded area is equal to the IR
reflected flux of the non-corroded area. The competing modes of detection cancel out the
contrast so the corrosion is not longer apparent, but in fact it is still present under the
coating.



Figure E-31 (C) illustrates the effect of the heat flux when the IR reflected heat flux is
greater in the non-corroded area of aluminum than from the corroded area, which appears
cooler or darker. Note: Corrosion does not reflect IR, as well as the surrounding non-
corroded areas. This demonstrates that the 95°F blackbody emission from the corroded
area is over whelmed by the 7.7 watt illuminator source. In the example illustrated in
Figure E-31, the surface of the aircraft is 95°F. The heat source is required to be at least
7.7 watts as oriented in the test to assure corrosion is detected by the IR illuminator
system. Conversely the wattage needs to be less than 4.35 watts and preferably zero watts
to observe the corrosion under the coating in the blackbody mode.

Conclusion: This study concluded that if the IR heat flux of the corroded areas equals the
IR heat flux of the non-corroded areas, the corrosion would not be observable and hence
the corrosion would not be detected through the coating. However, this study showed that
a solution to this would be to increase the IR heat flux that is emitted from the IR
illuminators, thus overpowering the blackbody effect. This solution would then allow the
user once again to detect the corrosion via the IRRIT method. In most practical situations,
the hanger temperature would not exceed 95° F degrees, and hence IR illuminator
wattage of 7.7 watts would totally eliminate this problem.

Figure E-30: NGC Laboratory Bench Top Set-Up
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Corrosion appears light.

Emissive Blackbody Mode
Surface T=95.7°F
IR Source = 0 Watts

Equilibrium (No Contrast)
Surface T=95.6°F
IR Source =4.35 Watts

Corrosion appears dark.

IRRIT Mode
Surface T=95.0°F
IR Source = 7.70 Watts

Figure E-31: Heat Flux Effect on IRRIT




E.8 Investigation to Correct Auto-Gain Image Issue

Issue:

Auto-gain tends to favor bright surfaces (bright surfaces are defined as reworked
material, cadmium plated fasteners, and any other highly IR reflective surface), this
results in the surrounding area appearing darker. However, if corrosion or other defects
are present in this dark area they can be easily missed or go undetected via the IRRIT.

Solution:

After reviewing video data that was recorded during the 2™ P-3 Dem/Val (Tail #772) it
was determined that by adjusting the contrast and brightness on the monitor the dark area
becomes bright (the original bright surface also becomes brighter). This results in
successfully detecting any corrosion or other defects that might have been missed if no
changes were made on the monitor.

IR Painted Image (Adjusted)

Reworked area : Image has heen
creates bhright spot, i brightened to
which causes i

This image has been enhanced by adjusting contrast and brightness; this adjustment can be
made on either the camera, monitor, or post processing (i.e., Adobe PhotoShop). The
enhanced image now reveals corrosion near the fastener, which would have gone
undetected if original image was not adjusted.

Figure E-32: Auto-Gain Issue



E.9 AF Coating Scheme’s and CPC’s

Corban 35 CPC was sprayed on a 2” x 2” piece of 23377 free standing film. The coating
dried under a hood for 2 hours. The primer film thickness is 1.3 mils. The estimated
thickness of the Corban 35 is 1-1.5 mils. A reddish discoloration can be visually
observed on the surface of the free standing film.

Standard FTIR transmission scans were performed on a Thermo Magna 550 FTIR
Spectrometer. The wavelength range of the scans was 1.78-15.3um. The area of interest
for these films is in the range of 3-5um.

—— MIL-PRF-23377 Type 1, Deft Primer, 1.3 mils

FTIR Transmission —— MIL-PRF-23377 Type 1. Deft Primer + Corban 35
Polyethylene Bag

100

Polyethylene Bag + Corban 35
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Wavelength (micrometers)

Figure E-33: IR Transmission Results for Free Standing Films and CPC

Two samples (an unsprayed free standing film and a film that was sprayed with Corban
35) were measured via FTIR. There were no additional spectral features introduced in
the particular wavelength range (3-5um). Overall transmission of the Corban 35-sprayed
sample was reduced, most likely due to the additional thickness of the sample.



E.10 3-D Imaging

Background:
The current IRRIT system can easily detect corrosion surface area; however it is

limited in its ability to detect corrosion depth due to the MWIR camera depth of field.
The depth of field for MWIR camera systems is limited by the camera’s ability to focus
uniformly along a Z or vertical axis, similar to standard optical systems. This limits the
ability of the observer from focusing on the bottom of non-flat planes such as a pit or
bottom of a scratch and at the same time focus on the detail of the top of a scratch or pit.
This is a classical optics problem, which can be solved by taking multiple images while
scanning vertically up from the bottom (or down from the top) of the pit to the top and
capturing a series of images and then reconstructing those images by means of an
algorithm that results in one image with an improved depth of field. A multi-focus
HIROX 3-D microscope (refer to Figure E-34) is used with software technology to
reconstruct multiple focused visible images into one clear image with an improved depth
of field. The 3-D IRRIT (refer to Figure E-35) exploits the same software technology
(and technique stated above) used in conjunction with an MWIR camera (rather than a
visible camera) to capture a series of IR images.

Description of 3-D IRRIT:

This innovative focusing idea, 3-D IRRIT, can be described as a method to
observe, through organic coatings, detailed images utilizing multi-focused images in the
MWIR and reconstructing them with an algorithm to obtain a clear image that is focused
from the lower plane to the upper plane. This invention has particular applications in the
aerospace industry. The stripping of organic coatings for aerospace structures is not only
very expensive, but causes a great deal of pollution. If the technology of image
enhancement utilizing this algorithm is combined with an MWIR system to detect
corrosion, cracks, scratches and pits under coatings, an improved system will allow for
enhanced inspection capabilities. This new method for inspection will give the user or
inspector a capability to make structural decisions about the integrity of structure such as
aircraft or other structures with out having to remove organic coatings. Previous MWIR
reflective systems utilizing detectors have not been able to image with this improved
detail which is needed to make better structural assessments as to depth, morphology or
topography of a structural surface. Current MWIR systems assess details without the aid
of this new technology, which makes them inferior to the newly proposed system with
the improved imaging capability. The user will have more useful information to make
informed decisions regarding structure, and this will save more pollution and cost less to
inspect aircraft and other aerospace structure than in the past. This method is significantly
improves and enhances existing conventional MWIR inspection systems such as an
MWIR system that uses reflectance as the mode of inspection. By taking multiple images
at different focal distances and reconstructing the images by using the focused portion of
each image by means of an algorithm it is possible to not only reconstruct an image with
superior depth of field, but to be able to rotate this image to measure the shape and depth
of the topography.




Procedures:

e Mount Merlin® MWIR camera on adjustable stage controlled by a micrometer.

e Remove the standard 13 mm lens from Merlin® MWIR camera and replace with
4X IR microscope lens.

e Power-On Merlin® MWIR camera and with the power switch on back of camera.
Thermal cycling will be loud for 10-15 minutes as the Stirling cooler engages.

e Turn on HY1802D power supply to power IR illuminators and set dial to selected
voltage and current.

e Once the Merlin® MWIR camera has cooled down, an image will be observed on
the monitor. The Merlin® MWIR camera should be allowed to stabilize for 30
minutes for best performance.

e 3-D IRRIT follows the same calibration methods used in standard IRRIT (refer in
Appendix A).

e Place sample in front of the Merlin® MWIR camera and adjust IR illumination.

e Utilizing the Merlin® MWIR camera by taking multiple images along different
evenly spaced locations along the Z-axis. Determine top and bottom planes and
the interval of Z axis steps. Images are saved and captured at different evenly
spaced locations. The 4X IR microscope lens is required for enhanced
magnification and to demonstrate improved depth of field.

e Captured IR Images (jpeg format) will be blended into a single focused image
based on the highest contrast area. At the same time, each image has height data
embedded. Using the HIROX software algorithm to construct a de-blurred image
with improved depth of field.

e The above procedure was repeated with a laboratory manufactured pitted sample
and an actual Navy E-2 aircraft fastener head sample.

Results:

Laboratory testing was performed to show the feasibility of using the IRRIT
camera system to acquire data resulting in an improved method to image pits, cracks and
other structural defects through organic coatings. This 3-D IRRIT technique was tested
on two (2) samples. The first sample was manufactured in NGC’s laboratory with a
corrosion pit; the second sample was a painted aircraft fastener head from an actual Navy
E-2C. These samples were both investigated by the 3-D IRRIT with a 4X IR microscope
lens was substituted for the standard 13 mm lens on the IRRIT camera (refer to Figure E-
35). The camera system was then mounted to an adjustable stage controlled by a
micrometer (refer to Figure E-35).

Figure E-36 illustrates a painted aluminum corrosion coupon (pit) that was
mounted to a fixed stage and the IRRIT located and focused to view the top surface
(Figure E-36 (A), starting image). The camera stage was then moved in small increments
(25 pm), with an image acquired at each increment step, through the depth of the
corrosion pit (Figure E-36 (B), ending image). Image processing software (as available



from HIROX) was used to build a composite focused image of the corrosion pit (Figure
E-36 (C)).

Figure E-37 illustrates a painted aircraft fastener head from an actual Navy E-2C
that was mounted to a fixed stage and the IRRIT located and focused to view the top
surface (Figure E-37 (A), starting image). The camera stage was then moved in small
increments (100 um), with an image acquired at each increment step, through the depth
of the fastener stamping mark (Figure E-37 (B), ending image). Image processing
software (as available from HIROX) was used to build a composite focused image of the
corrosion pit (Figure E-37 (C)).

Conclusions:

Using the 3-D IRRIT does allow for improved or enhanced images, as shown in
Figures E-36 and E-37. However, the 3-D IRRIT requires additional work to be
considered field ready. Specifically, a narrower depth of field IR lens system and a
mounting reference system (mounted to aircraft) with a fine micrometer movement in
order to accurately acquire the depth data (and for the software to accurately process IR
images). The current IR optics (used in this test) have too great a depth of field. The
smaller the increment of distance between images (or vertical displacement), assuming
the IR optics have the shallower/narrower depth of field, the higher the resolution of the
focused image will be. 3-D IRRIT as compared to standard IRRT provides an enhanced
image for engineering investigation but does not lend itself as a rapid inspection
technique (due to the time required to obtain the quantity of images at one location), thus
the 3-D IRRIT is not considered a viable inspection method for depot/production use at
this time.



HIROX 3-D Microscope Set-Up (Visual Microscope)
Uncoated Pitted 2024-T3 Alummum Coupon

_____________________________________________________________________________________________________________________

HIROX 3-D Microscope Equipment Set-Up
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Focused Image

Figure E-34: HIROX 3-D Microscope Set-Up (Visual Microscope)




3-D IRRIT Equipment Set-Up

- T ey

o Adjustable Stage Controlled &5
by a Micrometer

Figure E-35: 3-D IRRIT Equipment Set-Up




3-D IRRIT - Pitted 2024-T3 Aluminum Coupon
(Coated with MIL-PRF-85582 Epoxy Primer and MIL-PRF-852835 Polyurethane Topcoat)

Starting IR Image Focused IR Image

IR Image Number Depth in Micrometers (pm)
----- 1 (Starting Image) 0
2 25
3 50
4 75
5 100
6 125
7 150
8 125
9 200
10 215
11 250
12 275
13 300
14 325
15 350
16 375
17 400
18 425
19 4350
20 475

Figure E-36: 3-D IRRIT Images: Pitted Coupon
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3-D IRRIT — Aircraft Fastener Head
(Coated with MIL-PRF-23377 Epoxy Primer and MIL-PRF-835285 Polyurethane Topcoat)

IR Image Number Depth in Micrometers (qum)

2 100

3 200

4 300

5 400

6 500

7 600

8 700

9 800

10 900

11 1000

12 1100

13 1200

14 1300

15 1400

16 1500

17 1600

s, 18 1700

: 19 1800

: 20 1900

: 21 2000

E 22 2100
1

Figure E-37: 3-D IRRIT Images: Fastener Head
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APPENDIXF DEM/VAL PLAN DEVIATIONS

F-1



F.1 Navy P-3 Dem/Val Plan Deviations

Deviation #1: Quantity of Aircraft (Navy P-3s) to be IRRIT Inspected.

Initial Navy P-3 Dem/Val Plan, Section 3.6.3 (Amount/Treatment Rate of Material to be
Treated), stated “A random sampling of at least three P-3 aircraft with similar paint
schemes will be used to demonstrate and validate the IRRIT. The object/goal of the
Dem/Val is to inspect a combined total surface area of at least 600 square feet of P-3
surface.” However, due to the large quantity and quality of data and positive results that
the IRRIT system yielded from the first 2 aircraft (P-3s) it was considered to be of no
benefit to do a 3" aircraft (P-3). The reduction in the quantity of aircraft to Dem/Val the
system also resulted in a reduction in surface area that was inspected. The Dem/Val plan
states that a minimum of 600 square feet of P-3 surface shall be inspected; however, in
reality 300 square feet were inspected.

Deviation #2: Locations to be IRRIT Inspected.

Initial Navy P-3 Dem/Val Plan, Section 3.6.5 (Experimental Design), stated “The lower
section of the inner port wing made from corrosion prone aluminum alloy 7075-T6 will
be inspected between the forward and aft spar and Stations 65 and 147. The fuselage
section to be inspected is manufactured out of aluminum alloy 2024-T3 and located
approximately between Stringers 10 to 25 and Stations 850-1050.” However, due to
NAVAIR Jacksonville production schedule and time available on the aircraft (P-3) it was
determined that the available time would be better spent to focus on the lower section of
the inner port wing. This determination was based on access time to the aircraft.
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F.2 USAF KC-135 and B-52 Dem/Val Plan Deviations

Deviation #1: Locations to be IRRIT Inspected.

Initial OC-ALC KC-135 and B-52 Dem/Val Plan, Section 3.6.5 (Experimental Design),
stated “the primary targets are the longerons (heavy lengthwise structural members) at the
bottom sides of the bay and the light aluminum panel ceiling of the bay.” However, due
to OC-ALC B-52 production schedule and time available on the aircraft (B-52) it was
determined that the longerons had the same coating/finish scheme as the ceiling panel,
and the IRRIT was successful in identifying corrosion beneath the paint in that area. The
final determination was based on access time to the aircraft.
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APPENDIX G ENDORSEMENT LETTERS



G.1 Navy P-3

Letter of Endorsement
FROM: P-3 FST
TO: NAVAIR JAX 4.9.7.6; John E. Benfer (WP-0407 Principle Investigator)

SUBJ: INFRARED REFLECTANCE IMAGING THROUGH AIRCRAFT PAINT
SYSTEMS

1. The P-3 Fleet Support Team Engineering Office has reviewed technical
information and witnessed field demonstrations associated with infrared
imaging of corrosion through aircraft paint systems. This technology has
demonstrated the capability to detect and image any surface corrosion
without disturbing the paint system in an industrial environment while utilizing
a commercially available of-the-shelf (COTS) mid-IR camera.

2. This technology has shown applicability and promise for use by P-3
maintenance activity locations to ascertain the current condition and integrity
of the OML/IML coating system.

3. Please contact me if further information is required. Tel: (904) 594-5901, or
via email to daniel.marlowe @ navy.mil

Sincerely,

Bt L Hts

Daniel Marlowe
P-3 Fleet Support Team Engineer
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G.2 Navy E-6

19 Jan 2007
Letter of Endorsement
FROM: E-6 FST RCM Lead
TO: MAVAIR JAX 4.9.7 6 John E. Benfer (WP-0407 Principle Investigator)

SUBJ; INFRARED REFLECTANCE IMAGING THROUGH AIRCRAFT PAINT
SYSTEMS

1. The E-6 Flest Supporl Team Engineering Office has reviewed technical
information and witnessed field demonstrations associaled with infrared
imaging of cormosion through aircrafl paint systems. This technology has
demonstrated the capability to detecl and image surface comosion in an
industrial environment while utilizing a commercially available off-the-shelf
(COTS) mid-IR camera,

2. This lechnology has shown applicability and promise for use at E-6 field
locations to ascertain the current condition and integrity of the OML coaling
sysiem, for an engineering disposition of required maintenance andior paint
interval.

3. Please contact me if further information is required. Tel; {904) 317-1538,

Sinceraly,

TRIEST: Do it
DONALD; | Srsisamy

ETIEHNE], &=08, ol

E.12300383 # demernt. m-bet

Ol 2OIF 00 10 1345360

13 oy

Donald Triest

E-& FST Supportability Deputy/
RCM Lead Engineer
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G.3 Navy T-45

Letter of Endorsement
FROM: T-45 FST
TO: NAVAIR JAX 4.9.7.6; John E. Benfer (WP-0407 Principle Investigator)

SUBJ: INFRARED REFLECTANCE IMAGING THROUGH AIRCRAFT PAINT
SYSTEMS

1. The T-45 Fleet Support Team Engineering Office has reviewed technical
information and witnessed field demonstrations associated with infrared
imaging of corrosion through aircraft paint systems. This technology has
demonstrated the capability to detect and image surface corrosion in an
industrial environment while utilizing a commercially available of-the-shelf
(COTS) mid-IR camera.

2. This technology has shown applicability and promise for use at T-45 field
locations to ascertain the current condition and integrity of the OML coating
system, for an engineering disposition of required maintenance and/or paint
interval.

3. Please contact me if further information is required. Tel: (904) 317-1911.

Sincerely,

Shannon Elliott “~

T-45 Senior RCM Engineer
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G.4 Navy Materials Engineering Division

11 April 2007

FROM: Materials Engineering Division (AIR-4.3.4)

TO:

NAVAIR JAX 4.9.7.6; John E. Benfer (WP-0407 Principle Investigator)

SUBI:  INFEARED (IR) REFLECTANCE IMAGING THROUGH AIRCRAFT

1.

PAINT SYSTEMS

AIR-4.3.4 has reviewed technical information and witnessed field demonstrations associated
with infrared reflectance imaging of corrosion through aircraft paint systems. This
technology has demonstrated capability to detect and image surface corrosion in an industrial
environment while utilizing a commercially available of-the-shelf (COTS) mid-IR camera.

Scheduled maintenance processes that involve stripping paint from aircraft surfaces or
disassembling components for corrosion inspection can be reduced or eliminated using this
technology by providing enhanced inspection capability in support of ground support
equipment (GSE), weapons, avionics and component product lines. The availability of a
quick, reliable, and simple nondestructive technigue that can detect and characterize
corrosion hidden under aircraft coating systems, would reduce inspection times and costs,
and reduce harardous waste generation from paint and depaint operations,

This technology is also capable of providing enhanced inspection data and documentation
associated with corrosion-related failure analyses, engineering investigations, and research,
development, testing, and evaluation (RDT&E) programs. Continued research in this area
could lead to the development of a system that significantly improves the corrosion
inspection process and thereby reduces the risk of failure in aircraft structural component and
ultimately improve flight safety. All new and legacy platforms can benefit from this
technology; therefore, AIR-4.3.4 recommends both the continued investment into this
technology, as well as, the immediate application where applicable.

Please contact me if further information is required. 1can be reached at (904) 542-4521 x101
or by e-mail at john.yadon @navy.mil.

L4
John L. Yadon
Materials Engineering (ATR-4.3.4)
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G.5 Coast Guard

To: John Benfer

Cc: John Speers, John Weir

From Rusty Waldrop USCG NDI Program Manager
Subject: ESTCP (IRRIT) USCG Dem/Val

Summary:

USCG ARSC EISD AAB NDI has been an active participant in a cross service
program that includes corrosion detection under aircraft coatings. The program is known
as “Environmental Friendly NDI for Corrosion Inspection through Coatings”. This
program has been in extensive planning with the AAB since April of 2003. The
technology utilizes the reflectance properties of corrosion to be detected by means of
thermal heat transfer. The reflectance of the surface corrosion would give definite
contrast to the reflectance properties of the aircraft coatings and other organic or
inorganic aircraft substrates thereby making the corrosion detectable by means of a
thermal IR camera utilizing long wavelength of the IR light spectrum. Team participants
of the program are Mr. John Speers of Wright Patterson Air Force Base (WP-AFB), Mr.
John Weir of Northrop Grumman Bethpage Long Island NY, Mr. John Benfer of
NAVAIR Jacksonville FL, Mr. Steven Chu and Mr. David Allen of ASM Management.
Beside myself another participant of the USCG AAB Materials Engineer is Mr. Sam
Benavides.

The initial concerns over the ability to detect corrosion under coatings were paint
thickness and the ability to detect the reflectance properties of the corrosion with a gloss
topcoat applied. Glossy paint enhances the reflectance properties of the topcoat and with
this will also reduce the absorbance properties of the coating substrates there by reducing
and possibly masking the reflectance properties of the underlying corrosion. Utilizing a
gloss meter the glossy measurement of a USCG HU25 aircraft was in the range of 72-90
specular gloss at a 60n degree angle of incidence while the acceptable limit of other DoD
military aircraft is in the range of 0-5 specular gloss at a 60-degree angle of incidence.
The cross section thickness of the HU25 aircraft can be in the range of 3.0 mils to 13
mils. The USCG ARSC does not de-paint the aircraft upon every depot induction. The
aircraft appear to be de-painted every third depot induction. During the 2 depot
inductions the aircraft is scuffed up, primed and painted adding layer upon layer of
primer and paint whereas the other military entities de-paint upon every depot induction
giving these aircraft coating thickness around 5 mils. This scenario gives the USCG
HU25 a heavy thick topcoat substrate scheme compared to the other military entities.

To prepare for these rather extreme parameters it was requested by Mr. John Weir
that we develop some test panels with USCG aircraft paint scheme including the
thickness that are normal to USCG aircraft. The USCG AAB was tasked to supply test
panels with known corrosion painted to the USCG aircraft specifications. These panels
were supplied to Mr. John Weir for IR camera optimization prior to attempting detection
of corrosion on a USCG air vehicle. These test panels although not to USCG aircraft
paint thickness parameters were still supplied to Mr. John Weir for camera optimization.



USCG AAB arranged for HU25 aircraft 2103 to be used for the USCG mini

Dem/Val.
Sandia NDI Validation Center located in Albuquerque, New Mexico is host to the aircraft
and hanger. The contact at the NDI validation center is Mr. David Moore. Sandia was
task to evaluate the paint thickness of aircraft 2103 to verify the measurements are
representative of USCG aircraft. The paint thickness of the 2103 was in the medium
average range of 8-11 mils with some areas of 6 mils and other areas of 13 mils but for
the most part between 8-11 mils. This aircraft is a good representation of the USCG
HU?2S5 air vehicle fleet. Sandia was also task to have the aircraft cleaned and hangered for
our validation process. Sandia met their obligation with bonuses for the team we were
offered a conference room for the entire week including projector and video hooks ups.

The teams’ visual evaluation of aircraft 2103 was first performed identifying
visible indicators of corrosion and numerous areas were identified. Visual indicators of
corrosion are blistering / peeling paint/ rough surface. Most of the zones appeared to be a
mild surface corrosion with a few zones showing signs of mild-to-severe surface
corrosion. Once the areas were identified they were labeled into zones and digital real
images were acquired prior to IR and de-paint of the zone. This was an important step
prior to evaluating without knowledge. This step allowed the team to understand the
camera and its capabilities and gain knowledge of the Reflectance properties of the
corrosion under a highly reflective thick cross section coating structure. The mild
corrosion was most important for it allows the team to prepare the inspection parameters
to a more sensitive Reflectance indication.

Several issues arose during this process: Should the team prescribe to a scanning
speed? Should the team prescribe to a specific distance of camera to aircraft skin defining
a certain “Field of View” (FOV)? The concern over a calibration and / or reference
standard also was discussed. What type of calibration should be designed or should there
be a reference standard? In the NDI arena there is a contrast between the two where a
calibration standard is designed to ensure the instrumentation is working has designed
and set to a specific sensitivity a reference standard is specific to what the inspector is
evaluating for such as in this case mild-to-severe surface corrosion. It is possible to
design both into one standard thereby having a calibration / reference standard. The
preliminary step of visual, digital images, IR and the de-painting opened engineering
discussions that in all probability will direct to a more ground standing document.

The IR of the visually detected corrosion indicators was impressive for the team
was able to adjust the thought process to what Snell Infrared preaches “To Think
Thermally”. The team was able to build the characteristics of the thermal Reflectance
corrosion indicators in the human database. The team also detected more corrosion in
these zones that went undetected visually. Zone 3 was the most impressive because
forward of the visual indicators the IR camera demonstrated the ability to show more
surface corrosion some slightly more severe and other less severe with resolution to
distinguish the two different surface characteristics. All of the visually detectable
corrosion indicators produce Reflectance indications that had a good contrast to the
reflection and Reflectance properties of the glossy coating scheme.
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A bonus to the program Sandia NDI validation center thermal expert Joe
Dimambro offered to image the corrosion indicators with the thermal acquisition system
known as the “Thermal-Scope” system designed by Thermal Wave Imaging. This system
utilizes the same IR camera as the teams. The camera is a Merlin® MWIR camera
developed by “Indigo”. The thermal-scope system applies a pulsed heat source by way of
a Zeon light source. The principle behind this system is to propagate heat into the
component and through the thermal heat transfer detect the “delta T (AT) (temperature
difference) of the good material verses the corroded material. This technique was able to
distinguish some of the corrosion but not with the reliability of the passive camera. My
conclusion on this is that the acquisition and gating system needs to be adjusted to detect
the “AT” right after the pre-flash envelope of the system reducing the Time-vs. -
Temperature ratio. I believe the thermal scope system is set up to detect indicators that
require more penetration into the component developing more of a time—vs.-temperature
ratio.

The completion of the image acquisition was followed by a de-painting of all the
visual indicators for the purpose of verification of detection. All zones produced
corrosion that can be identified with the passive camera. The corrosion detected by the
camera and not detected by visual means was also validated as surface corrosion.

The next process was to evaluate a portion of aircraft 2103 without any visual
indications. The area of concern needed to meet a certain criteria. The area had to be
representative of the aircraft paint scheme and cross section substrate thickness. The area
could not have any visual signs of surface corrosion as described above. The area had to
have a high gloss finish. The area the team deemed to meet our specifications was the
right hand outboard upper wing surface. The scanned area is about 9’ sq. The team
detected several areas that appeared with a Reflectance thermal signature indicative of
surface corrosion. These areas were marked and organized. The areas marked
demonstrated no signs of visual corrosion indicators. We followed the steps of the first
trail period and had Sandia representative Joe Dimambro perform a thermal imaging
acquisition with the thermal-scope. This time there was a slight “AT” signature that was
capable to be deciphered. The de-painting of these areas validated most of the calls. One
area was a missed call this area demonstrated a previous reworked area of blending. This
was probably done to remove corrosion at the last depot rework of aircraft 2103. The
only answer I have for this detection is that the blended material concentrated a
Reflectance signature similar to corrosion. With this said for the most part the system did
detect surface corrosion under the coating as theorized it would.

Conclusion:

The process works as described. The camera can detect corrosion under fairly
thick cross sections of aircraft coatings using a thermal Reflectance signature.
Recommendations;

1. Develop a calibration / reference standard that can be used to ensure proper

instrumentation and provide a signature indicative of surface corrosion.
a. Mr. John Benfer's suggestion of symbols etch into similar metals
appears to have the potential to decimate resolution between shapes.
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b. Mr. John Benfer’s idea based on the Jaeger eye chart deserves a

review. This I believe is a good suggestion, for it is, even though aided
by instrumentation the inspection is still a visual with IR optics. This
would have the credentials of obstetrician standards.

c. Irecommend researching the following ASTM:

i. ASTM E 1213 Standard Test Method for Minimum Resolvable
Temperature Difference for Thermal Imaging Systems.
it. ASTM E 1311: Standard Test Method for Minimum Detectable
Temperature Difference for Thermal Imaging Systems.
iii. Standard Test Method for Noise Equivalent Temperature
Difference of Thermal Imaging Systems.

These ASTM’s describe the minimum resolution of IR cameras and systems and may
have the potential to be used as a source to reference and adhere to. The use of an ASTM
credits the project with some meat on the bones and can rest any speculation from
colleagues in the same arena once a final draft process is developed.

d.

I recommend that the terms mild, medium and severe surface
corrosion be compared to a surface roughness measurement. This may
be a means to quantify the corrosion better to determine if a removal
process is warranted. This would not quantify area squared but it
would be a way to measure severity of the surface corrosion. The
camera can be used to measure area squared. Surface roughness can be
measured in “Root mean squared” (rms) giving an arithmetic average
of the surface roughness characteristics units are in the p inch or p
meters. The instrument used to measure the surface roughness is a
“Profilometer”

It is extremely important that a calibration / reference standard be developed prior to the
next Dem/Val, which I believe is a P-3 aircraft at the NAVAIR in Jacksonville FL.

2. During consultation with the team it was mentioned that the team might get
one day to evaluate the P-3.

3.

a.

I recommend an organized scanning plan be developed prior to the
Dem/Val of the P-3. This plan should also be accompanied with a
schematic drawing of the aircraft with station and butt line
measurements for data collection.

I recommend the team gather a day prior to the Dem/Val and take
paint thickness measurements through out the aircraft such as USCG
AAB did prior to the evaluation of the HU25 aircraft 2103.

I recommend the same organization for any future aircraft such as the Air
Force C-130.

I also recommend that once a process is finalized and the team agrees to the
procedure and application. That an unknowing non-participating NDI
inspector be chosen to evaluate an aircraft after a prescribed amount of
training.

a.

I recommend this because the NDI arena is built and depends on the
capabilities of inspectors that have acquired specialized training in the
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application. This specialized training should have a curriculum
developed prior to training an individual. The finalized procedure will
not be utilized by a team of engineers that have the education and time
to scrutinize the reflectance signatures, but will be performed by a
level II inspector whom has no OJT hours in thermal IR, but given
specialized training and designated has an operator till he/she acquired
the hours to qualify for a level I and II status. The inspector that
actually interprets the system will determine the cost savings.

b. This individual can solidify the ease of interpretation and use of the
camera. All indications the inspector detects and calls should be
categorized and verified.

c. The inspector also needs to call the severity of the detected surface
referenced to the developed calibration / reference standard.

Endorsement: The system is quite impressive and does detect corrosion under the
USCG coating scheme. I endorse the program up to this point and with what has been
developed so far. The process needs to be refined with the recommendations set forward
on the table for consultation. The instrument demonstrated the ability to detect corrosion
under USCG paint scheme of cross section thickness greater than 8 mils. I believe this
instrument and the application can be used in many capacities for the detection of surface
corrosion not just to be used to prevent the de-painting of an aircraft but also on small
components that would require de-painting for a visual inspection of corrosion. The
camera is easy to use, light weight and can be utilized in a timely manner.

Rusty Waldrop
USCG NDI Program Manager
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APPENDIX H COST ANALYSIS TOOL



1.0 Introduction

This appendix describes a spreadsheet tool developed to assess costs and benefits
associated with use of the Infrared Reflectance Inspection Technique (IRRIT) as an
inspection tool to reduce costs associated with stripping and recoating Department of
Defense (DoD) weapon systems and/or equipment items. The purpose of this
spreadsheet tool is to help maintenance personnel evaluate the feasibility of using the
IRRIT camera. As discussed in Section 5, the primary area of potential savings is related
to in increase in the time interval between stripping activities by using IRRIT. The
assumption is that the IRRIT technology can provide the information needed to justify an
increase in the period of time between “coating removal and repaint” events for a given
type of equipment.

Cost data was collected, along with engineering estimates and assumptions, for
stripping and recoating actions performed on the OML of P-3 Orion aircraft maintained
at Naval NAVAIR Jacksonville. To develop this tool, these data, estimates, and
assumptions were normalized to allow application to other equipment items, including
other weapon systems and various types of support equipment. However, the cost data
will have greater accuracy when used to calculate costs for maintenance processes similar
to stripping and repainting the surface of an aircraft. The more variances between the
process under consideration and the P-3 OML maintenance, the less reliable the results
produced will be.

As was the case for the P-3 analysis, this spreadsheet tool assumes that the baseline
process includes a visual inspection of coated surfaces for indications of corrosion. This
analysis balances the costs of purchasing the IRRIT system and using it as a replacement
inspection tool against the potential savings resulting from an increase in maintenance
cycle times. The assumption is that the IRRIT will allow deferment of maintenance by
providing information on corrosion that could only previously be obtained after stripping
the unit.

2.0 User Data Requirements

2.1 Information Provided

The spreadsheet tool uses a combination of data obtained from past evaluation of
the IRRIT camera and data to be provided by potential end users interested in specific
applications. The data already incorporated into the tool are based on information
collected during demonstration/validation (Dem/Val) activities performed on the OML of
the Navy P-3 Orion at NAVAIR Jacksonville. These data include actual data either
measured during the Dem/Val or provided by knowledgeable personnel from one of these
maintenance facilities. In addition, other data points were based on engineering estimates
and assumptions.

This cost analysis spreadsheet is based on surface area stripped. All strip and
repaint costs and values for the P-3 aircraft were divided by the surface area of the P-3 to
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calculate a “cost per square foot” for the strip and repaint process. Cost categories are
described below:

e “Equipment” — For ‘Equipment’ only the cost of the IRRIT camera is calculated,
as painting and stripping equipment is purchased under all scenarios and therefore
is neither added cost nor contributed savings.

e “Labor” - ‘Labor’ is arrived at by taking the total number of man-hours required
to inspect, strip, and repaint a P-3 aircraft, dividing this by the total surface area of
the P-3, and arriving at a man-hours per square foot value. The spreadsheet then
multiplies the labor hours by the user supplied ‘Labor Costs’ (see Section 2.3) to
determine labor costs.

e “Materials” — Material costs are calculated by taking the cost of materials to strip
and repaint a P-3, dividing this by the total surface area of the P-3, and arriving at
a cost per square foot.

e “Utilities” — Utilities costs are determined by taking the value of the total process
time for the P-3 and multiplying this by a supplied utility cost per hour of process
time. The spreadsheet then converts this into a process time per square foot.

e “EHS” — Environmental, health, and safety costs are based on the costs of
disposal of waste produced during the strip and repaint of a P-3 aircraft. In the
same fashion as the other categories, these costs are calculated in terms of square
footage. In addition, the Volatile Organic Compounds (VOC) emissions created
by strip and repaint activities are calculated using the same surface area pro-rating
processed as that described for the material costs.

The values underlying these costs for the P-3 can be seen on the “Gen Assump”
(General Assumptions) worksheet and the “Labor Hours” worksheet in the spreadsheet
embedded in Section 5.0. Values on these two worksheets should not be altered.
Potentially, these values could be used as a template for conducting a more accurate
weapon system specific cost analysis than the rough estimate provided through this
spreadsheet.

2.2 Assumptions for Spreadsheet Use

Before a potential end user considers using the spreadsheet tool, certain
assumptions must hold true (e.g., data collected can be used to modify maintenance
interval). Also, the end user must be able to provide actual data or reasonable estimates
for use in the spreadsheet. These fundamental assumptions and data requirements are
listed below:

e Information collected from the IRRIT camera can be used to justify
increasing the interval between strip and repaints for units of the weapon
system under consideration;

e The costs and benefits of the purchase and implementation of a single
IRRIT camera will be analyzed (multiple applications not considered);



o The baseline process includes pre-strip visual inspections to of the weapon
system before strip and repaint;

e The potential end user can adequately estimate the total surface area
(square feet) currently stripped and recoated on an annual basis;

o The potential end user can adequately estimate the current time interval
between stripping activities for individual units of the weapon system or
equipment;

o The potential end user can estimate the potential increase in time interval
between stripping activities allowed by the more accurate corrosion
assessment through use of IRRIT and

e The end user can adequately estimate the number of personnel who will be
trained to use the IRRIT camera.

2.3 User-Supplied Information

In order to utilize the evaluation spreadsheet, the potential end user must provide
certain information. The first worksheet tab in the spreadsheet, labeled “Intro”, provides
opportunity to enter weapon-system specific data. A screenshot of this worksheet is
provided below as Figure H-1.

AT Teshralogy - Oenado Applleallcn

MrimeryAssumplionsfeeuns Ral sbed fo Cost Seulngs
1 Cormerslan fnom & menunl inepestion hourss of NESIT eassars aun jurily an insssass in e sainbanerses irbarsl
2 P=3 Dabu san ba sosked forstinale Bar gun » wou Engitiesoaling peosaraas buaed onsurfess anse B fooluge)
3 Assumplion fhal TR of s noss sty shipped snst ba IRRIT krepasted lor sermalive sainkenanes irberml

162,500 |sq fifyr o 17
150,000 |=q fifyr 0
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Figure H-1: "Intro" Worksheet for Weapon-System Specific Data Input
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There are four pieces of information necessary to evaluate the IRRIT for a specific
weapon system. They are: “Baseline Surface Area Stripped Annually”, “Baseline
Maintenance Interval”, “Labor Costs”, and “Number of personnel to train on camera”.
The user can supply this information by entering numbers in the areas highlighted in
green. The areas highlighted in blue are calculated automatically by the spreadsheet.

1. Baseline Surface Area

Because this cost analysis spreadsheet is based on surface area stripped, the
user must supply the surface area stripped per year for the weapon system under
consideration. To determine the baseline surface area stripped per year, the user
should supply data for the green cells “units per year to be stripped” (the number of
units of the weapon system expected to be stripped each year) and “sq ft/unit” (the
surface area in square feet which must be stripped on each unit). Using these two
values, the spreadsheet will calculate the baseline area stripped per year. This
value will be referenced frequently in calculations. If no value is supplied, the
spreadsheet will default to the P-3 value of 162,500 square feet stripped per year.

The Alternate Surface areas stripped are calculated by dividing the baseline
maintenance interval by the alternative maintenance interval and multiplying the
fractional results by the baseline surface area stripped to arrive at a new surface
area stripped per year. The spreadsheet calculates this automatically.

2. Labor Costs

Labor costs will differ from facility to facility. In order to consider labor
costs for a specific facility, enter the dollar value used for budgeting labor at the
facility where the weapon system under consideration is serviced. Note that this
number should be “loaded” to include overhead costs. If no value is supplied, this
number defaults to a standard value of $65/hour.

3. Baseline and Alternative Intervals

Potential savings gained through use of IRRIT are assumed to be through an
increase in the intervals between maintenance activities. A longer maintenance
interval for the same fleet size means that fewer weapon system units must be
stripped and repainted on a yearly basis, with a corresponding reduction in costs
incurred.

The user must enter both the baseline maintenance interval as well as the
estimated new maintenance interval allowed by use of the camera. Because the
potential new maintenance interval is unlikely to be set at this stage of the IRRIT
evaluation, the spreadsheet provides the option of entering up to four new
maintenance interval alternatives for comparison. If use of all four alternatives is
not desired, simply input no value for the alternatives not in use.



Options are provided to list the maintenance intervals in years or months or in
a combination of years and months. Default values indicate a current interval of 4
years between stripping events with alternative periods of 5, 6, 7, and 8 years.

4. Number of Personnel to Train on the Camera

In addition to the capital costs of the IRRIT camera system, personnel must
be trained in its use. By entering the number of personnel to be trained, training
costs are taken into account. If no value is given, this number will default to four.

3.0 Analysis Results

On the tab marked ‘Summary’, the costs of using IRRIT technology, potential
dollar savings from an interval shift created by use of IRRIT technology (if any), and
potential VOC reduction and chromate use from an interval shift created by use of IRRIT
technology. This tab is illustrated in Figure H-2 below. Note that the numbers illustrated
are the results for the P-3 interval shift and will differ for differing inputs.

BASELINE COSTS

Visual Inspection [ERNTERY RN

Annual Ibs VOC emitted

Chremate in paint used (Ibs)

Annual Ibs VOC emitted

Chromate in paint used (Ibs)

Figure H-2: "Summary" worksheet with results



3.1 Costs
Capital Costs

The capital costs (illustrated in Figure H-1) are the one-time costs associated with
implementation of the IRRIT technology. This consists of the cost of the IRRIT camera
and associated systems, which is listed as $87,600 under “Labor/Equipment”. The cost
of training personnel to use the camera system is listed under “Other”. The cost of
Labor/Equipment under “Capital Costs” will remain constant regardless of user input,
while the cost of “Other” under “Capital Costs” will vary based on the number of
personnel selected for training. The baseline scenario, which does not include use of
IRRIT, incurs no Capital Costs, because equipment is already owned and personnel are
already trained.

Annual O&M Costs

The “Annual O&M?” costs (also illustrated in Figure H-1) are the total costs to strip
and repaint units of the weapon system each year. For the baseline scenario, this is the
user-supplied baseline surface area (square footage) stripped per year multiplied by the
costs per square foot calculated from the P-3 cost analysis. For the alternative scenarios,
the alternative surface area stripped per year, which is calculated on the “Intro”
worksheet, is used.

Annual VOC Emissions

The amount of VOCs emitted per P-3 aircraft stripped was calculated by first
determining the volumes of paints, chemical strippers, and sealants used in stripped and
repainting a single P-3 aircraft. These values were then multiplied by the VOC content
for the chemical used in order to determine the total pounds of VOCs released during
each P-3 strip and repaint activity. This number was calculated as “VOC emissions per
sq. ft.” based on the surface area of the P-3. For the baseline scenario, this is the user-
supplied baseline square footage stripped per year multiplied by the VOC emissions per
square foot calculated from the P-3 cost analysis. For the alternative scenarios, the
amounts of surface areas stripped per year (calculated on the “Intro” worksheet) are used.

3.2 Savings/Loss

The third table (illustrated in close-up as Figure H-3 below) illustrates the savings
or loss in dollars each year based on the maintenance interval reduction allowed by use of
the IRRIT camera. This is calculated by subtracting the yearly O&M costs for the each
alternative from the yearly O&M costs for the baseline. In the example given in Figure
H-3 (based off the P-3), even a one-year extension in maintenance interval under
Alternative 1 results in a cost reduction of $647,381 per year.
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Alt1 Alt 2 Al 3
Annual Savings/(Loss)

Simple Payback [yrs)

Annual VOC reduction {Ibs)
Annual chromate s e
reduction

Figure H-3: Savings and Payback

This yearly savings is used to calculate the “Simple Payback”, which estimates the
number of years required for annual savings to recoup Capital Cost invested in the IRRIT
system. In the example given for Alternative 1 (one-year maintenance interval
extension), the IRRIT system pays for itself in 0.16 years. Note that this Simple Payback
does not take into account inflation.

In addition, the annual reduction in VOC emissions and chromate use are
calculated. Though this does not translate into a dollar savings unless the facility is near
emissions limits and/or where permits are involved, it does quantify a significant
potential environmental impact.

4.0 Summary

While this spreadsheet was developed using data, estimates, and assumptions from
a P-3 OML application, variables that are significant drivers for coating application and
removal (e.g., surface area, labor rate) have been “normalized” to allow use of this tool
on other weapon systems. Therefore, other end users interested in using the IRRIT
technology should be able to use this tool to asses the feasibility of implementing IRRIT
it in their specific application(s) — whether on aircraft, other weapon systems, or support
equipment.

However, the further the baseline process moves from P-3 OML application, the
less accurate a predictor this tool will be. The costs included are the costs for chemically
stripping the OML of an aircraft and repainting it with a specific prime and topcoat
process. Stripping other varieties of vehicles or support equipment, even with a roughly
similar surface area, may involve greatly varying amounts of labor and materials.

5.0 Spreadsheet Tool
Attached below is the tool for non-specific weapon systems.

IRRIT Analysis
Spreadsheet
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GRAPHITE PAINTED PANEL AT 89°F, RT-CALIBRATION

FIG. 3
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GRAPHITE PAINTED PANEL AT 90°F, 84°F HOT-CALIBRATION
FIG. 4

GRAPHITE WITH Cu FIBER PAINTED PANEL AT 90°F,
84°F HOT-CALIBRATION

Fitg:5
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GRAPHITE WITH Cu FIBER PAINTED PANEL AT 74°F,
84°F HOT-CALIBRATION

FIG. 6

GRAPHITE WITH Cu WEAVE, PAINTED PANEL AT 91°F,
RT-CALIBRATION

FIG. 7
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GRAPHITE WITH Cu WEAVE, PAINTED PANEL AT 87°F,
RT-CALIBRATION

FIG. 8

GRAPHITE WITH Cu WEAVE, PAINTED PANEL AT 82°F,
RT-CALIBRATION

FIG. 9
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GRAPHITE, PAINTED PANEL AT 90°F, RT-CALIBRATION
FIG. 10

GRAPHITE, PAINTED PANEL AT 86°F, RT-CALIBRATION
FIG. 11
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GRAPHITE, PAINTED PANEL AT 82°F, RT-CALIBRATION
FIG. 12

GRAPHITE, PAINTED PANEL AT 78°F, RT-CALIBRATION
FIG. 13
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GRAPHITE, PAINTED AND PRIMED PANEL: VISIBLE IMAGE
FIG. 14

GRAPHITE WITH Cu WEAVE, PAINTED AND PRIMED PANEL:
VISIBLE IMAGE

FIG. 15
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ALUMINUM C2: VISIBLE IMAGE
FIG. 16

ALUMINUM C2 1x MAG. AT 77°F, IR REFLECTANCE IMAGE
FIG. 17
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ALUMINUM C2 1x MAG. AT 75°F, IR REFLECTANCE IMAGE

FIG. 18

ALUMINUM C2 1x MAG. AT 84°F, RT-CALIBRATION

FIG. 19
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ALUMINUM C2 1x MAG. AT 78°F, RT-CALIBRATION

FlG. 20
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ALUMINUM C2 1x MAG. AT 72°F, RT-CALIBRATION
FIG. 21
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ALUMINUM C9 (LOW IR PRIMER) IR REFLECTANCE IMAGE
FIG. 22

ALUMINUM C9 (LOW IR PRIMER) AT 96°F,
78°F HOT-CALIBRATION

FIG. 23



U.S. Patent Jan. 16, 2007 Sheet 13 of 15 US 7.164.146 B2

ALUMINUM C9 (LOW IR PRIMER) AT 86°F,
78°F HOT-CALIBRATION

FIG. 24

ALUMINUM C9 (LOW IR PRIMER) AT 79°F,
78°F HOT-CALIBRATION

FIG. 25
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ALUMINUM C9 (LOW IR PRIMER), VISIBLE IMAGE
FIG. 26

1-17



U.S. Patent Jan. 16, 2007 Sheet 15 of 15 US 7.164,146 B2

VISIBLE IMAGE
FIG. 27b
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\ IR REFLECTANCE IMAGE
FIG. 27¢c

o N7
IR BLACKBODY IMAGE
FIG. 27d
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SEYSTEM FOR DETECTING STRUCTURAL
DEFECTS AND FEATURES UTILEEING
BLACKBODY SELF-ILLUMINATION

GOVERMMENT CONTRACT L]

The United States Government bas certain rights 1o this
mvention pusuant o Contmet No. DACA T2.09.0011
wwarded by SERIHY

FIELD OF THE INVENTION

The presem invention relates s detection of structral
feamares, and mone panticulady relsies oo system which
uatilizes hlnckbody self-illuminntion to observe defects ond
other aimciual feotenes of comed objocts such as alrerafl
conmnponenls.

BACKGROUND INFORMATION

Adrernft components ane subject 1o constant degmelation 20
such os corrosion and crocking coused by environmental and
operational conditions. Although the application of coatings,
sich ns paints, reduces comosion problems substantially,
they ypically cannot eliminste them emtirely. Furthermore,
stress expenienced during flight can result in domage which
o coating of paint connsl mitigate, such as stress defects and
cracking. In order 1o ensure that aircrafl ane ready for frghr,
periadic inspeciims aRe NECESSArY,

Inspection of airerft components trditionally inclsdes
visial mapection. When visually inspecting airermll compio-
nends, the coating wsed 1o protect the components becomes
an obatache because it nuy hide structural defiects or featares
beweath the coating. I is therefione necessary o snp the
component assembly or aircraft in question of s paing
before a proper visual imspection can be performed. After-
ward, n new conting of paint must be applied. This process
results in substamtial expense in the form of labor and
malerials, mises environmental copoerms, and requires a
great amount of fime.

Apart from the inelciency of visual inspection methods,
nnedher problem is that visonl inspection s ot nbwvoys
effective. While o skillful eye may pick up most humnn-
visible defects with a satisfsctory degree of consisbency,
some delects may be very small or lie under the surface of
the component. In many cases these defects will go unno-
ticed by wisual inspection regardless of the skill and expe-
ricrce of the observer.

In addidon 1o visual inspection, active thermography
techniques have been proposed for inspection of varius
components. Doe such technique wtilizes o tansient heat
sodirce 1o beat the component, followed by detection of a
tramsient heat signature on the surface of the component 1o
determine the presence of anomalies or defects. However,
sueh bechniques roquire specialized equipment axd controls
o genernle the necessary tmnsient heating, and are ineffi-
cient becouse detection of the trnsient thermal gignatane can
rzqui.n.- @ :dg.nciﬁl:.ml amotnt of lme.

LS, Published Potend Application No, LIS 040026622
Al discloses o system For imaging conved substrates which
wtilizes an indrered (TR) light source. The 1R light shines on
the ohject and is reflected toa focal plane sy, While such
o system may be uselid for some applications, an 1R gl
source 15 required and the incident 1R radiation must make
o passes through the coating. Funbermore, a portion of
the incident mdistion may refllect off the surfoce of the &
conting, therehy obscuring the image of the underlying
swhstrate.

as

1]

2
The present invention has been developed in view of the
Foregoing.
SUMMARY OF THE INVENTION

The present mvention utilizes the substantinlly stendy-
stabe tempemnture of o coated ohject, in conjunction with an
optical detection system, 1o schoctively view defects amd
Featunes of the object below the coating withow the neces-
sity of transient heating or IR illominstion and refleciance
imarging. The optical detector, such as on IR camera, niay be
tmilored for the wovelengths st which the coating matenial is
substantially wransparent, thereby maximizing the viewing
clarty of the defects amd features under the conting, and
distinguishing them from sny spuricus features on the fop
surface of the cooting. The present syeiem enables the
inspection of small or karge oreas in real time, without
requiring eomplex image soquisition, stomge and image
processing equipasent and software.

An aspect of the present nvention is to provide o method
of inspocting a coaied object, The method inclsdes main-
tining substantially steady state blackbody rdiation from
ihe ohject, and detecting simictural features of the object
unider the coating based on the blackbody radiation

Another sspect of the present invention 15 W provide a
syslem for inspecting o coated object, The sysiem comprises
means for maintaining substantially steady state blackbody
radintion from the object. and means for detecting structuml
features of the objoct under the coating based on the hlack-
beully radiation.

A Turther aspect of the presem invention is te provide o
syslem for inspecting o coated object comprising o camera
structured and mmanged bo detect structuml features of the
ohject under the coating based on substaniially stcady siaie
blackbody radiation generated from the objocr.

These and wther aspects of the present invention will be
mane appareit from the following description,

BRIEF DESCRIFTION OF THE DHAWINGS

FIG. 1 is a schematic illustration of a system Tor detecting
strsciural festures of a coated object utilizing blackbody
selillumination of the ohject.

FIGE. 2 15 o schematic fow disgram illustrating the detec.
tion of blackbody radiation from an object 10 be inspacted in
aceondanee with an embodiment of the presest invention.

FIGS. 3-26 are blockbody infrared mdiation images of
coaled grophite pancls and coated aluminum panels in
accordance with varkous embodiments of the present inven-
130

FI(i%. 270~ are visible, IR reflectance, and 1R blackbody
radintion mages of a coated pircrall panel with nivels,
showing Festures of the rivets undermeath the coating in
accondance with a blackbody self-llumination embodiment
of the present invention.,

DETAILED DESCRIPTION

FliG. 1 schematically illustrates a detection system in
accondance with an embodiment of the present invention, A
coated object 10, such as an aireraft component, composile
panel, paimied panel, ship hull, grownd vehicle, aircrafl
assembly, aircradt landing geor. metallic subsirate, honeys
comb bonded assembly or the like, includes a subsirsie or
ohject 12 a1 lenst partzally covered with a coating 14 such as
painl, composite mainx materis] or the like, Examples of
some specilic comings include coatings manufaciuned 1o the
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following spocifications: BMS 10-72; BMS 0:11; BM3.-
10-79, BMS 10-6dr Mil-PRF-23377. Mil-PRF-85582;
BL-PHF-35135 and TT-P=2760. In scconfance with the
present invention, the objoct 12 emits blackbhody rudiation B

wward a detector 16 such a8 an infmred (IR) camera, IR ¢

detector or the like,

In secordance with the present invention, the blackbody
raclzation 13 from the objpoct 12 1 generated m a substastially
stesly stofe. As used herein, the lemm “substuntially steady
state blackbody rodistion™ meons the mdistion natarally
gemermted From the ohject 10 be inspected due 10 115 main-
tenance ot o lemperatune above aero degrees Kelvin, typi-
cally a1 room temperatune of a slightly ebevated temperature.
Steady state blackbidy mdistion results From maintaining
the ohject or & portion thereof at a substantaally uniform
wemperatiene, 1. o e absence of signilican thermal gra-
dients throughout the ohject or porion thereof being
inspected.

Sinee the object 1215 81 oF Bear room leniperalire, it emils
n significand amount of substantially sieady state infmred
(1K) blackbody thermal mdistion B. In condrast, the coating
14 may be suhstantially rmnsparent ol some of the waves
bengihs at which the underlying object emits the blackbody
raslzation B, Many organic polymers that may be used in the
coating 14 are significantly IR-Emnsmissave in cerlnin spocs
tral bandds, The blackbody mdintion B of the object can
piseirate the organie comimg 14 covering the object 12 and
revenl the surfece condition of the object 12 under the
conting 14, The radiation B transmined theough the coating
14 s thus used w provide imapes from the selillominated
object 12 that revenl amy defects such os comosion, crmcks
amill pits, o8 well as other strvctaral featunes under the coating
14, The vhject 12 10 be inspected becomes ohservable by ns
own IR radiation B, which iz a function of the iemperatune
of the object 12,

As shown in FEG, 1, the object 12 to be inspected may
include various rypes of sirectural features, The stirscaral
Teamares may be located on the surface of the object 12 under
the cooting 14, or may be locoted below the surfice of the
object 12, Por example, surface features 22 may be provided
on the surfpce of the object 12 below the coating 14,
Examples of surfoce festures 22 inchude indicin such as
alphanumeric symbols, marks. codes, part nombers, bar
codbes nnd the like. The object 12 nny also include surface
defects such os comrosion 24, pits 26, cracks 28, gouges, and
other structural defects. As shown m FIG. 1, the object 12
may also inghide structuml features helow the surface of the
object 12, such os corrogion 32, cracks M, composite
ranforcements 36 and pits 26.

FIG, 2 schematically illustrates o blackbody radiation
detection process in accondanee with an embodiment of the
present invention. Blackbody mdiation from an object such
as the coated object 10 shown in FIG. 1 is transmitted 10 2
detector such as an 1R camera Afier deteciion, an image of
the coamted object 12, including siroctuml features of the
object 10 under the coating 14 may be disployed and‘or
stored. In addiion, the image may be tronsmitted by any
suitable meoans such os the lnbemet, wireless, cable or
satelline for display andior storage an any desived location,

In accordance with an embodiment of the present mven-
tiom, the seady stade blackbody radiation B from the object
0 be inspected may be generated by hokling the ohject m
roem femperabiare, The entine chiect may be maintained at a
suhstantially wniform lemperaiane ot OF near oo e pera-
ture, As used herein, the term “room tempermbune” meins the
sirmoundling ambient tempermturne found in an orea such as o
westing laborstory, production faciliy, warchouse, hanger,

0
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airstrip, mircrafi cobin or nmbiem exterior lemperture.
Room temperatures are typically within a range of from
abaut 60 10 abowt B0° I, However, lemperatunes above o
helow such o moge may exist. For example, inoold envi-
ronments such as unhesied hangers or warchowses in cokl
regions, the room temperaune may be 32° F.oor lower. In
warm environments siech as non-air-conditioned hangers
and warehouses in desert or tropical regions, the “room
temperature”™ mury be well abhove B0° F., eg., op to 100 or
11 F., or even higher.

In sccontance with opcther embodiment of the present
invention, the object o be inspected is bekl o an clevated
lemiperalure, e.g., ahove moom Bempoemiliine, b maintain e
substantaally steady state Backbody roditon. Such an
chevated tlemperstare may be up to abow 1207 F. or higher,
typically in a range of from 30 o sbom 1107 F. The clevated
temuperature mury e maimoined by amy suitable means, such
as exposure 1o sunlight, heat gun, heat lamp, thenmal blan-
ket, hot packs, human contact and the like,

The detector 16 may selectively detect mdistion of certnin
wavelengihs o which the coating 14 is substantiolly trans-
parent. In thas manner, the coating 14 does not substantially
interfere with the image From the ohject 12. The detector 16
may inclsde any switable device such as an IR camera, IR
detector. 1R focal plane or the like. For example. the camera
may be am analog of digital camera, and may recond sill o
video images, Infroned camwerns may be wsed, for example,
camerns which detect mid-infrared mdiotion, e.g., having
wovelengihs between about 5 ond abowt 5 micons. Such
micl-1R wavelengths have been found o produoce relatively
sharp images with minimal interference from several types
of coatings, Other infrored camens include pear-infrared
cameras which detect wavelengihs between abowt 007 amd
about 3 microns, and far-infrared comseras which detect
wavelrngihs betwoen sbout 3 and about 12 microns.

In adiition o the comer 16, standond filors andior
polarizers (not shown) may be pesitionsd in the optical path
of the blackbody radiation B betwoen the object 12 amd the
detector V6. Such filters amdfor TACTS Ay renwne a
portion of the blackbody mdistion B having wovelengths ai
which the coating 14 is non-transparent,

The detecior 16 may inchsle o porioble or movable
camera such as a and-held camera or o camera that may be
mwoumnted on o tripod or the like that can be moved by means
of @ pan featare and'or o tiln featune,

In sccontanee with an embodinment of (e present inven-
tion, the detectad image of the object 12, incloding the
detected strsctaml Features, may be compared with a refier-
ence image. For example, a reference image may be gener-
atedd from another ohjea similar 1o the coated ohject that is
known W be substantially froe of defects. By comparing a
substantinlly defect-free reference object o the coated ohject
heing inspecied. mameal or auomated evalustions may be
performed. The reference image used as the standard coubd
he preprogrammed inte o dotabase and a comparisen made
betworn the reference image and the image oreated from
painl under 1est. Acceptabiliy erfleria could be prepro-
prammed a5 well, unoceepiable nreas could be highlighted in
red and acceplable areas in preen. Onher colors could be
selected, as well, such os gray For an aren requiring more
evaluation,

The following examples ane intended 10 illusirte the
variows mspects of the present invention nnd are not intended
1o Hendt the scope of the invention.
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EXAMPLE |

As shown in FIG. 3, a painted graphile panel comprising
cpioncy graphite with an epoxy prmer and wethane top coal

paint was imaged with a mid-IR camera at e wavelengih -

of 310 3 microns, During the imaging process, the pasel was
hield an 897 F. The pane] was subjoected 1o 3 room lemperatune
calibestion which involved adjusting pisel intensity o make
Tocol plane uniform and linear within selected oom tem-
perutune (KT} calibration.

EXAMPLE 2

As shown in FIG. 4, a painted graphite panel comprising
epoxy graphiie and epoxy primer and wrethane 1op coal paing
was imaged with a mad-IR camera at 3 wavelength of 3 10
5 microns with the panel held at o temperiture of 907 F, The
pamel was subjected 1o hot calibration a1 a lemperature ol k4
F. The bot calibration process involved adjusting pixel
imensity 1o make focal plane uniform and lincar within
selocted 84° F. calibration.

EXAMPLE 3

As shown in FIG. §, o composite panel comprising cpoxy
graphite and laminated copper fiber poimed with epoxy
primer and urethane lop cosl was imaged with a mid-IR
camrn 3l & wavelength of 3 to 3 microns, with the panel
maintnined of o temperature of %0° F, The panel was sub-
Jected 1o hot calibrution ot 84° F, as descnbed above,

EXAMPLE 4

As shown in FIG. 6, a painted graphise and copper fber
panel similar 1o the panel of Exaomple 3 wos imoged o @
tempermture of 747 F. The ponel was subjected to hot
calihmtion of 847 I,

EXAMPLE 5

As shown in FIG, 7, a pane] comprising epoxy grophite
with a lnminated copper weave painted with epoxy prismer
anill urethane bop coat was imaged of o lemperaiare of 91° F,
The panel was subjected o rosm temperature calibration,

EXAMPLE 6
As shown i FIG. B, & painted graphite and copper weave
pamel similar wo that of Example $ was imaged at 87 F. after
rodm lemperature calibration.
EXAMPLE T
As shown i FIGL 9, a painted graphite and copper weave
pamsel samilar 1o e of Examples § and 6 was imaged an 83
F. after room temperatune calibration
EXAMPLE &
As shown in FIG. 10, an epoxy graphite panel paamed

with epoxy prmer and urethane op coal was imaged at W07
F. after rmom temperatune calibration.

5

A

a0

&%

6
EXAMPLE 9

As showwvn an FIGL 11, a pamted] graphate pasel sinalar e
that of Example & wos imaged ot 86° F, after room tem-
perature calibration.

EXAMPLE 10

As shown in FIG. 12, a0 'p:lintul graphite panel similar o
that of Examples & and % was imaged at 82° F. afier room
lenperature calibration.

EXAMPLE 11

As shown in FIG, 13, o painted grophite panel similar o
that of Examples 8-10 was imaged a1 78" F. afler room
temperatune calibration.

EXAMPLE 12

As shown in FIG. 14, o pane] comprising epoxy graphiie
was prinsed with epoxy primer aml painted with epoxy
primer and urethane top coat on the ight side of the panel,
FIG. 14 i3 a visible image of the painted and primed panel.

EXAMPLE 13

As shown in FIG, 15, a pancl comprsing graphite with
copper weave was primved with epoxy primer in bower right
hand side and painted with urethane 1op coal in upper Aght
of panel. ln FIG. 15, the left side of the panel is unprinsed
and unpainied. while the right side is primed amd painted.
FIG. 15 i% 2 visual image of the paned,

EXAMPLE 14

Flia. 16 is a visible image of an aluminum panel com-
prising a corroded aluminem substrate coated with epoxy
primer and urethane wop coat,

EXAMPLE 15

FIG. 17 s an IR neflectance image of the panel of
Fxnmple 14 at 77° I, The IR rellectanct mmange was generaled
by meflecting 1 mdintion off the alaminum substrate deten-
ing the reflectod energy in an (R camera or detecsor. The
cormosion & indicated i dark ancas,

EXAMPLE 16

FlG. 18 is an IR reflectonee image of the panel of
Example 14 1aken 75° F. The corrosion is indicated in dark
areas,

EXAMPLE 17

FIG. 19 i= o blsckbody mdintion image made in necor-
dance with the present invention of the coated alaminum
panel of Example 14, The papel was muintavined al a
temperature of B4 F, with o room temperature calibmtion.
The corrosion is indicated in light arcas.

EXAMPLE 18

Fl1G. 20 is a blackbody radistion image made in accor-

dance with the present invention of the coated aluminum

panel of Example 14, o1 78" F with o room femperiune
calibration. The cormsion is mdicaed in lght arcas.
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EXAMPLE 1%

FIG. 21 1= a blackbody rdiation image made in acoor-
dance with the present invention of the cooted aluminem
pasel of Example 14, ot 72° F. with a moom lemperature 5
calibration. The corresion is inlicoted in light areas.

EXAMPLE X0

FIG. 22 is an IR reflectance image of a comroded alumi-
ninm panel coated with an epoxy low IR primer and urethane
o cout, The IR reflecionge image was made by reflecting IR
racdeaticn off the eoated aluminum sobstrate and detecting
the reflevted energy in oo IR comers, The commosion is
indicatedd in dark areas,

EXAMPLE 21

FIGE. 23 s @ blackbody rodintion mage produced in
necordance with the present imvention tken from the same <"
primed and wop comed aluminem panel described in
Example 3. The blackbody mdiation procedure was pers
formed st 96° F, with o 78° F, hot calibration. The cormosion
is imdicased in light arcas,

EXAMPLE X2

Fis, 24 is @ blackbody mdistion mage produced in
aceordanee with the present invention taken from 1he sane
primed and lop costed aluminem panel described 0
Example 3. The blackbody mdiastion procedure was per-
formed a1 86 F. with o 78" F. bot calibration. The cormosion
is indicated in light oreas,

kL]

EXAMPLE 33

FIG. 25 iz a blackbody rodiation image produced in
mccondunce with the present invention taken from the same
primed omd top couted  aluminem ponel  deseribed  in
Example H0. The blackbody radiation procedure was per-
Tormed m 79° F, with o 78° F, hot calibration. The cormosion
is indicased in light arcas,

EXAMPLE 24 -

FIGi. 26 iz a visible insage of the primed amd top coated
aluminum panel of Examples 0o 23,

The forszoing examples demonstrte that blackbody type
IR rlimtion is copable of passing through coalings ond 4
prosducing an image. External illumination is oot requined,
1.e, the paris are m,.-&f-ill,l.lrnirqnl'irla_.

EXAMPLE 25

A bolbed aluminem aireralt pane] was coated with Epoxy
primer  MIL-PRF-2337TIY1 and  Urcthane  MIL-PREF-
BFIRSTY] paint, o5 shown in FIG. 3Ta. I wos inspecied
using visible imaging (FIG. 27h), IR refleciance imaging
(FIG. 27c), and IR blackbody imaging (FIG. 2740 The o
blackbody sell-illumination image was made with & mid-TR
campern al a wavelength of 3 10 § microns. During 1he black
boddy imaging process, the painted aluminem panel was held
at a emperabure of &5 o 95* F. As shown in F1G. 274, details

146 B2
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An sdvaniage of the present blackbody self illumination
sysiem is thot an independent 1R illumination source is not
noeded. In some coses, on object’s 1R msdsation ol ambacnt
temperature nury be sufficient to albow imaging of the ohjoct
through the coating. while in other simations moderate
heating of the object 1o o slightly elevated temperature may
he desimble, Such heating can be achieved natumlly, e.g., by
sunlight, or by a bieat g, thermsal blankets, an TR eat lamp,
or by olber means that produce o substantially steady-state
temperature of the ohject.

Amother advantage of the present blackbody system is that
the TR mdiation only has o moke ope pass through the
coating. This i more eficicn compared o IR refleciance
technigques, i which IR mdintion from an external illumi-
nator must first penetmbe (he cooting. refloct off the substrate
or object amd pass through the costing agaim. An additional
advaniage of the present blackbody method is the reduction
of climimation of the cosing surfoce reflection. In the
reflectance method, 1R enengy is rellected off the coating
surface partinlly ohscuring the imoge from the suhstrale
unbereath

Whereas particular embodiments of this mvention have
heen described above For purposes of illusteatsen. it will be
evident o those skilled imihe ar that numenoos variatbons of
the detnils of the present invention miy be made without
departing from the invention a5 defined in the appended
claims.

The imvention claimed is:

1. A method of mspecting a coated object, the method
COMmprIFng:

maininining substandially sicady staie blackbody radiation

lrom Use obdect; and

idetecting stroctuml featwres of the object under the coat-

g, based vn the Mockbody radintion,

2, The method of claim 1, wherein the objoct iz hekl at
OO emperiiee 10 mandnin thse substantially steady state
blackbody mukintion.

3, The method of elaim 2, wherein the mom lemperaiune
is from about 37 #o about 807 F

4, The method of ¢loim 1, wherein the object is held a1 an
chevated emperatune 1o maintain the substntially steady
stute blackbody mdiation,

&, The method of claim 4, wherein the alevated emper-
tare is less than about 1207 F,

6, The method of elaim 4, wherein the elevated tempem-
tare i froms abowt 80 1o abow 1107 F.

7. The method of claim 4, wherein the elevated tempern-
Tare is mamiamed by exposing the object 10 sunkight.

E. The method of clxim 4, wherein the elevated temperas
tare is mamtaimed by heating the object with o heat gun, a
heat lamnp and‘or o themsal Blanket.

9, The method of claim 1, wherein the stroctural featunes
of the object are detected using an infrored camera.

10 The metlsod of claim 9. wherein the infrared camera
detects midsinfrared rliation having wavelengths between
about 3 ond about 5 microns.

11, The meethod of cloim 9, wherein the infrmned camern
detects pear-infrared radiation kavieg wavelengihs berweon
aboul 1.7 and aboul 3 microns,

12, The metlsod of clam 9, wheran the mirared camers
detects Tar-infrored mdistion having wavelengihs between
about 3 and abowt 12 microns.

13, The method of claim 1, wherein the structoral featunes
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14, The method of claim 1, wherein the stiructural leatures
of the object are detected wsing o movoble comer,
I8, Thee metherd of cloim 14, wherein the movahle consera
is @ hand-held comern,

16, The method of claim 14, wherein the movable camera

is mounted ot a single kcation during the delection, and
includes o pan feature andor a till feture,

17. The method of elaim 1, wherein the structural featres
of the object ane detected using o camer and a fher located
in an optical path beracen the objoct and the camera.

1. The methisd of claim 17, wherein the [ilter removies a
portion of the blackbody rulintion hoving wavelengths ot
which the coating is non-iranspanent.

19, The method of claim 1, wherein the structural fealures
of the ohject are detected vsing o camern and a polanizer
locatod i an optscal path between the object amd the comens,

20, The method of claim 1, wherein the structural features
comprise defocts,

21. The method of claim 1, whersin the defects ane on a
surface of the object under the coating.

22, The methad of claim 21, wherein the surfoce defects
comprise comosion, cracks, pits asdor gouges.

23, The method of claim 20, wherein the defects nre under
o surface of the object.

24, The method of claim 23, wherein the defects comprise
corrosion, ericks and'or voids,

25, The method of elaim 1, wherein the stroctunal feamres
comprise surfoce features on o surfice of the object under
the coxling.

6. The method of claim 25, wherein the surlsoe feamres
comprise indicin,

27. The method of claim 26, wherein the indicka com-
prises alphanemeric symbols, marks or codes.

28, The method of claim 1, wherein the structural featires
comprise features under a surfoce of the object,

29, The methogd of claim 28, whensin the features com-
prise composite reinforcements andior composite matAx
matenals.
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0. The method of claim 1, wherein the object comprises
an aincrall componenl.

3. The methodd of ¢laim 1. whensin the coating compnises
i, o composile matrix material, priover lop eoal andior
intermediote coatings.

12, The method of cloim 1, further comprising displaying
an mage of the objeet including the detectod  stmictural
Fentunes.

33, The mealsod of claim 1, funber comprising storing an
image of the object inchading the detected structurd T
ares,

M. The method of elaim 1, further conprising iransmit-
ting an image of the ohject including ihe defecied stnuctural
feamunes.

A5, The medhod of claim 34, wherein the image is
transmitted over the intemet

3. The methesd of claim 1, funber comprising comparing
an image of the object including the detectod sinctural
Featunes with o relerence image.

37, The method of claim 35, wherein the reference image
i% generted from anciber object similor 1o e coated object
that is substantially free of defects.

IR A system for inspecting o conted ohject comprising:

means for maintoining substantially steady stade blacks

bosly radiatson from the object; and

mans for detecting structural features of the ohject under

the coating hased on the blackbody mdintion,

39, A system for inspecting a coaled ohject comprising a
camera struciuned and armnged o detect stroctural featunes
of the object nder the coating based on substantially steady
stabe blackbody radiaton generated lrom the objeen.

" & ® #® @
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[} ABSTRACT

An mproved system for visual inspection of subsimites
omaled with paints and podymers 15 disclosed. Painted suhe
srates can be inspected for environmental and physical
damage such s cormsion and crocks without removing the
paint. The present invention provides the ability 1o maximize
paiet thickness penetration. This is sccomplished with a
spectrl h.irhdp.'lﬁ filter that rejects reflectad ]i1:|j'|l Eroam the
coaling opagque bands, while allowing light in ibe paimt
window 1o pass 1o on 1R detector such as an IR camera focal
plame. The namew bandposs mnge enhonces the ability for
IR imaging o see throwgh thicker paint layers and improves
the contrmst over stondard commercial TR makwove cam-
crus, The bandpass may be adjusted 1o coincide witls the Tull
spectral window of the paint, consastent with te ability of
1he imaging focal plane 1o detest light in the spectm] region
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SPECTRAL FILTER S8YSTEM FOR INFRARED
IMAGING OF SUBSTRATES THROUGH
COATINGS

CROSS-REFERENCE TO RELATED
APPLICATIOMN

[0m01]  This application s a continesion-i-pan of LS,
application Ser, Moo 1067 1,217 filed Oct. 22, 204, which
is incomported hercin by neference.

GOVERMMENT CONTRACT

[0m02]  The Undted States Government has cemain mights 1o
this invention pursuant to Contract Mo, IACA 72990001
awnrded by SERDE

FIELLY QF THE INVENTION
[0003] Tl present imvention relstes 10 imaging of sube
sirates through coatings, and more particularly relxies to a
spoctral fiver system for infrred imaging of defects and

other simctuml fenheres of coated ohjects such as airernfi
COMponEnls.

BACKGROUND INFORMATION

[0004]  Abrerall compoments are subject 10 constant degra-
dation such a8 corrosion amd erocking coused by environ-
mental and operational conditions. Altbough the application
of contings, such o paints, reduces cormsion problems
suhstantially, they typically canmol eliminage them entirely,
Furthemsose, stress expericnoed during flight can resubl in
damage which a coating of paint cannol mitigote, such as
stress defects and cracking. In order 10 ensure that airerafi
ane ready for flight, periodic ispections are necessany.

[0005] Imspection of aircrall components iraditionally
meludes visnal nspection. When visually inspecting arerafl
components, the coaling used o protect the componems
becomes an obstacke bocouse it may hide structural defiects
or features beneath the coating. It s therefore necessary 1o
sirip the eomponent assembly or aircrafl in question of s
paint before a proper visual inspection can be performed.
Afterwand, a new coating of paint must be applied. This
proscess resulis in subsiintial expense in the form of labor
anildl maserals, mises environmental conoerns, amd requines a
great amount of fime.

[0me] Apart from the ineliciency of visuw] inspection
methods, ancther problem is that viswal inspection is ot
always elfective. While a skillful eye may pick up most
humans=visihle defiscts with a salislaciony dq,me ol consiss
tency, some defects muy be very small or lie wnder the
surface of the component. [n many cases these defects will
go unpoticed by visual inspection regnrdless of the skill and
experience of the observer,

[0007]  In addition to visual inspection, active thermogm-
phy technigues have been proposed for inspection of vorious
components. One such technigee wilizes o transient e
source to heat the component, Followed by detection of o
trapsicnt heat signanere on the surfaee of the compenent 10
determine the presence of ancmalies or defeets. However,
such techniques require specinlized equipment and controls
o generile e peccssary ranshent heating, amd are nefli-
cienl beciuse detection of te trnsient thermal signatune can
requing o significant amount of time.
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[t68] 115, Published Patemt Application Mo, LS 2004/
0026622 Al, which i incorporaied hercin by reference,
discloses o system for moging coated substrates which
utilizes an infrared (IR} lght source, The IR light shines on
thir object and is reflected oo a focal plane areay.

[00@9] LS. application Ser. Mo, 10971217 discloses a
syslem for detecting structuml defects and Featunes of conbed
substrates using a blackbody self-illuminsion sechnigue.

[0010] The present invention has been developed in view
of the foregoang.

SUMMARY OF THE INVENTHIN

[011] Ome embodiment of the present inveniion utilizes
1he substantially steady-stane temperature of a coaned objec,
in conjunction with an opiical detection sysiem, 1o selee-
twely view delects and feures of the object below the
conling withoul the necessity of tmnsient heating or 1R
illumination and refloctance maging. The optical detector,
such as an IR camer, nury be tilored for the wavelengths
at which the coating material is substantially tronspanent, Al
least ome narrow bandwidih spectral optical filter is posi-
tioned between the substrate and the detector. The filer
significamtly improves viewing clarity of the defects amd
featunes under the coatimg. and distingwishes them from
spurious Feptures on the top surface of the coating. The
sysiem enables the inspection of small or large oreas in real
time, without requinng complex inwsge scquisilion, stomge
and image processing equipment and sofiware,

[0012] Another embodiment of the present mvention pao-
vides a system incloding the use of 1R illumimation Tor
imaging the surface of a substrute through a coating on the
substrate, An infrsred light soufee is positioned 10 cast
infraned light upon the substrte 10 crete reflected light. A
detector such a5 o focal plane amay may be positioned to
receive the refloctod light and generate an msage therefrom.
At least one namow bandwidth spectral optical filker 1
positioned between the substrate and the detoctor w0 pass
wavelengihs of the reflected light which reveal sirctural
featunes of the sabstrte,

[04013] An aspeet of the present invention is o provide a
syslem Jor imaging the surlsce of a substrate through a
conligg on the subsiraie. The system comprises o detector
positioned o recvive infrared diation from the suhsirae
surface, and o1 least one nomow bandwidth spectm] optical
filter between the substrate and the detectior 1o pass infroned
wavelengibs from 3.75 1o 5.0 micrometers 1o e detecton

[014]  Another aspect of the present invention is to pro-
viibe 8 method Tor imaging e surfice of a substrate through
o coating on the swhstrate. The method comprises generating
infrored light from the substrte, fhering the infrared light
wilth a narrow bandwidth filler which passes wavelengths
wilthin a rnge from 3,75 10 5,0k micrometers, and receiving
the filered infrared light on a debector,

[0018] These amd other aspects of the present invention
will be more apparent rom the following descri ption.

BRIEF DESCRIFTION OF THE DRAWINGS

[0016] FIG. 1 s a schematic llustrtion of o system for
detecting strectural features of 8 coated object atilizing

1-30



US 2006/0289766 Al

blackboddy self-illumination of the object and o namow
handwidih filver positioned between the object amd a detec-
tor.

[0017] FIG. 2 is & schematic fow diagram illusissting the
filtering aml detection of blackbody mdiation from an object
o be inspected in sccordnnce with an embodiment of the
preseil ivention.

[0018] FIG. 3 s a schematic llustration of @ system for
detecting structuml featunes of o coated object utilizng TR
illumination of the object and o namow bandwidih filter
positioned between the object and a detector.

[0019] FIG. 4 depicts the FTIR spectra of an Adrerafl
Cooting System. A strong absorbance peak occurs of 3.4
micrometers, which causes the TR w scatler and increoses
spectm] nokse. By using o narmew bandwidih filter (3.75-5.0
micrometer) in acconbanee with the presemt invention, a
large percentage of scatlering 15 ¢liminated.

[0020] FIGS, 57 are phowgrmphic images of a comed
suhstrote. illusimting unexpectedly improved detection of
suhstre damage under the coating with a system including
n narrow bandwdih filter of the present invention (FIEG. T)
in comparison with systems having broader bandwidih fil-
ters (FIGS. 5 and 6),

[0021] FIGS. B=-10 are pholographic images of a costed
suhstrate. illusimting anexpectedly improved detection of
suhstrte damage under the coating with a system ineluding
o marnow hansdwidih filer of the present invention (FIG. 10)
in eomparison with systems having hroader bandwidih fil-
ters (FIGS, B and %),

DETAILED DESCRIFTION

[0022] The preseni inveniion provides improved visual
inspection of substrates that are costed with paints and
pelymers. Most paints amd pelymer coatings have o region
of significantly reduced electromagnetic radiation absorp-
tiom and scattering in the mid IR region & compared 1o the
visihle speciml region. This effiectively opens a window of
visihility where certain IR imaging cameras can see through
comtings 10 the underlying subsirmies, Painted subsirates con
be inspected for envimonmental ond physical damage such as
corrosion and crucks withoum removing the paint.

[0023] The present invention provides the ability fo maxi-
mize paint thickness penctration. This is sccomplished with
aspeciral bamdpass filer thar nejects refleasd Tight from the
coating opaque bands, while allowing light i the paint
window 10 pass 1o the IR camera focal plane. The namow
hasdpass range resubts in the enhanced ability for 1R mog-
ing to sew through thicker paint liyers, The bandpass may be
adjusied 0 cobneide with the full speciral window of the
paint, consistent with tee ability for the imsging focal plane
o detect light in the spectral region. In one embodiment, o
switable camera uses o cosled InSh focal plane array with a
sensitivity 1o IR light which drops 1o nem Jor savelengths
longer than about 5.6 micnonseters,

[0024] In sceordance with the present invention. it has
been found that extending the bandpass filer o wavelengths
beyond 5.0 micrometers actually has o deleterious effect on
e imsage thar s produced by the TR camera This uswanted
eliect can be explained by the significant increase in thermal
radiative flux going wo the focal plane in the spoctral regions
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above 50 micrometers, For objects ol or near room tem-
perature, the nataral thermal emission of radistion increases
in the mid 1R region os the wavelength incresses. This means
that regions of an object that hove bow reflectance (high
cmpssivity ) and Jook dark in the IR reflectance image. now
sturt o look Iighﬂl.'r since the m“inrﬁ are emitting mare of
their own mdiaien in the moge above 5.0 micrometers, This
resulls in reduced conlras! belween the low reflectance
regions (¢, cormosion on metal) and the higher refleciance
regions (upcomoded). This reduced comtrast makes it more
difllicult 1o visuwlly detect regions of cormsion on metals
wovensd with relatively thick paint,

[0025] As used berein, the tem “narrow bandwidth flser™
means that the speciral mnge for the bandpass filier for 1R
Imaging lbes between 3.7 and 5.0 micrometers, for exomple,
hetween 3,75 and 5.0 micrometers. This applies to the use of
active IR illumination of a coated substrate 10 ercate the
image, or the use of the notural thermal emisswon of the
coaied substrote for sell-illuimination.

[0026] FIG. 1 schematically ilbustrates a delection system
in mccordance with an embodiment of the present invention.
A coated object 10, such as an aircrll component, compos-
ite panel, painted panel, ship hull, ground vehicle, mircrafl
asaembly, sircrft landing gear. metallic subsirste, honey-
comb bomdied assembly or the like, includes a subsirme o
ohject 12 o least partially covered with a coaling 14 such as
painl, composite matry material or the like.

[0027] Examples of some specific coatings inchede cosl-
ings manufacrred w the following specilications: BMS
10172; BMS 10=11; BMS-10-79, BMS 1060 MIL-PRF=
23377, MIL-PRF-85582: MIL-PRF-83285 and TT-P-2760.
I sccordance with the present invention, the coatings mey
be relatively thick while sill allowing clear imaging of
substrite defects below the coating. For example, the com-
ing 14 may be approxmaately 0.5 1w 12 mils thick.

[0028] The object 12 emits blackbody mdiation I fowand
a detoctor 1 such as an infrared (IR) camera, IR detector or
the like. A namow bandwidih filer 15 is located between the
comted object 10.and the detector 16. The narrow bandwidth
filter 15 can be single or muliple component filter W obtain
the desired handpass.

[002%] In secordance with sn embodiment of the present
invention, the blackbody mdistion B from the objoct 12 is
generated o a substamzally stesdy state. As used berein, the
e “substantially steady siate Mockbody mdistion™ means
ihe radintion naturally genersied from the object o be
inspecied due 1o its maintenance al a lempensture above aem
degrees Kelvin, typically s oom tempemture or o slightly
chevated wemperature. Steady  state blackbody  racdiation
results Trom manintaining the object or @ portien thereod at a
substandially wuniform temperature, ie., in the absence of
significant thermal gradients throughout the object or poss
taom thereol being inspecied,

[030]  Sence the ohject 12 i3 al or fear noom Lempenline,
it emils o significant amount of substantially steady stale
infrared (IR} blockbody thermal radiation B. In contrasi, the
coaling 14 may be substantially transparent @1 some of the
wavelengths al which the underlying object emits the block-
by radistion B. Many organie polymers that may be used
in the conting 14 are significomly IR-transmissive in cerain

spectral hapds, The Blackbody radiation B of the object can
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penciraie the organic coating 14 covering the object 12 and
reveal the surfsce condition of the objoct 12 under the
coating 14, The radintion B transmitted through the coating
14 iis thus used to provide images from the sel~illaminated
object 12 that reveal amy defects such a8 comrosion, cracks
and pits, o well as other structural features under the coating
14. The objoct 12 10 be inspectod booomes observable by its
own IR rasdiation 13, which ix a function of the temperature
of the object 12,

[0031] As shown in FIG. 1, the object 12 & be inspected
may melude vamous tvpes of struciral Feanres. The strue-
tural feamres may be located on the surface of the object 12
amder the conting 14, or may be located below the surface of
the object 12, For example, surface features 22 may be
provided on the surface of the object 12 bebow the coating
14, Examples of surface feamnes 22 include indicia such as
alphanumeric symbols, marks, codes, part nombers, bar
codes and ihe like. The objpoct 12 may also include surfoce
diefiects such a8 corrosion 24, pits 26, cracks 28, gouges, and
other structuml defiects. As shown in FIG. 1, the ohject 12
ey also include strsctaral features below the surface of the
object 12, such os cormosion 32, crscks 34, composite
reinforcements 36 and pits 26,

[0032] FIG. 2 schematically illustrates a blackbody radia-
tion detection process in accordance with an envbodiment of
the presemt invention, Blackbody reiation from an object
swch as the coated object 10 shown in FIG. 1 s transmitted
throigh anasrow bandwidth filver to a detector such as an TR
camern. Adter detection, an image of the coated object 12,
including structaral fentunes of the object 100 under the
coating 14 may be displayed andlor stoned. 1o additon, the
image may be transmitted by any suitable means such os the
Internet, wireless, cable or sawellive for display andor sior-
nge ot any desired location.

[0033] o accordance with an embodiment of the present
mvention, the steady stave blackbody rdiation B from the
object to be inspected maoy be genernted by holding the
object al reom wmperature, The entine object may be
maintained ot o substantially umfomm (empemsione ol or noar
oo iemperatire, As used herein, the term “room fenmpera-
re™ means the surmunding ambiem lemperatune found in
an area such as o testing labortory, production fbeility,
warchouse, hanger, airstrip. abreraft cobin or ambient exte-
rior femperature. Room temperntunes one typically within a
range of fom about 60 10 about BIF F. However, lempem-
tures above or below sl o rnge may exist. For example,
in eold environments such as unheated hangers or ware-
houses in cold regions, the moom iemperatare may be 32° F,
or krwer, In warm environments such a3 pon-nr-conditsened
hangers aml worchowses in desert or tropical regions, the
“room temperanene™ may be wiell above 80° F. ez up 1o
10 or 1107 1., or even higher.

[0034] In sccordamce with another embodiment of the
present invention, the object i be inspected s beld at an
clevabed empermire, eg., above mom lempertune, 1o
maintain the substantially stesdy swae blackbody rdiation.
Such an elevated tempersture muy be up toabouat 120° F. or
higher, typically in & mnge of from 80 o about 1107 F, The
clevaisd temperaure may be maintained by any suitable
mesns, such o5 exposure 1o sundight, beat g, heat lamp,
thermal Blanket, hot packs, human contect and the like,
[0035]  The detector 16 may selectively detect rdiation at
certain wavelengths s which the coating 14 is substantially
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transparend. I this manner, the coating 14 does ot subsian-
tially imerfere with the image from the object 12, The
detector 16 may inclhude any switable device such os an 1R
camern, IR detector, 1R focal plane or the like, For exomple,
thi camera may be an analog or digital cumera. and mery
record sl or video images. The detector 16 may include o
portable or movable camera such a3 o hand-held camera or
o comera that may' be mounted on  tripod or Ghe like that can
he moved by means of o pan feature and'or @ fill feature,
Infrared canverns nuay be used, for example, cameras which
detect midvinfmned  radiotion, eg., having wavelengths
between about 3 and about 5 microns, Such mid-1R wove-
lengahs bave been fourd 1o produce relatively sharp images
with minimal inerference from several types of coatings.,

[036] 1o addition w the camera 16, the narow Bandwidih
filter 15 is positioned in the optical path of the blackhody
radiation B betwewn the object 12 amd the detector 16, The
narmow handwrdth ler 15 removes portions of the black-
body radintion B hoving wavelengihs st which the coating
14 is non-transparenl, .. wavelengihs below 1.7 or 3,73
micromelers mre pemoved, and wavelengths ohove 50
migrometers are removed,

[0027]  In sccordance with an embodiment of the present
imvention, the filtered image of the object 12, incleding the
detected struciarl features, may be compared with a refir-
ence image. For example, a reference image may be gener-
ated from apother objoct similar 1o the coated ohjoct that s
known wo be substantially free of defects. By comparing a
substantinlly defect-free reference object to the coated ohject
being inspecied. mameal or amomated evalubons may be
performed. The reference image used a3 the sandard could
he preprogrammed into o dotabase and & comparison made
between the relerence image and the image created from
paint under test, Acceptability erilenin could be prepro-
grammed as well. For exampbe, nnaccepiable ancas could be
highlighted n red amd acceplable ancas in green. Other
colors could be selected, as well, such as gray for an aren
reguiring more evaluaion.

[0038] FIG. 3 illustmies ancdber system for detecting
strisctural features of a coated object which wilizes IR
illumanation and a parrow hasdwidih filter i sccondance
with an embodinsent of the invention. An infrared light
sowree 10D is used 10 cast infrared light 101 in the disection
of o substrute 102 which is costed, Prier 1o reaching the
substrate 102, the infrared light 100 may opticnally pass
through a firsd polarizer 103, The fird polanzer 103 s
operlive o polanze the infrmned light o o firsd sclecied
porlariny.

[0039] Light reflected by the subsirate creates reflocted
light 104, The reflected light 104 passes through an optional
sevond polarizer 105, The secomd polarizer 105 s operative
1o polarize the reflected light © o second selected polariny.
For instance, the second polasizer 105 may be configured o
polarize the reflected light 104 in a direetion opposite o that
ol first sebected direction, o method known o oross-polarity.
In this case, light of the polanty modulsied by the first
polarizer D03 will not pass throagh the second polareer 105.
Polorizers muy not be negessary in many nstances becmse
st goalings are not polarized in any consan ofientation.

[040] The porion of the reflecied light 104 which was
reflected off of regular arcas of the substrute 102 will retain
the polarity modulated by the first polagizer 103 and there-
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fore will not pass through the secopd polarizer 105, How-
ever, the porison of the reflocted light 104 which was
refbected off of imegular arens, such as comosion or mast, will
hurve an altered polority and will therefore pass through the
sovond polartzer 105. Additkonally, this optiomal polaszton
technigue can reduce scattering by pigments in the coating
which results in o clearer image of the substrate. Thus, only
the portion of the reflected light 104 wiich was nefbected off
of imegular mrens of the substirte 102 will pass through the
socond polarizer 105, The fiest polarizer 103 and second
polarizer 105 may therefore operaie in andem o highlight
the arcas of the substrate 102 which are imegular becanse
they are corroded or olberwise damaged. Additionally, the
polanty modualated by the fist polanzer 103 may be cons
figured 1o allow viewing of the subsimie 102 @1 various
bewels. This 15 because light of a polarity pasallel w the
swhstrate 102 will more casily reflect off of the costing,
while gt of a polarity perpendicular 1o the substrbe 102
will more ensily pencimte through the coating o the sub-
strate beneath. Accordmghy, it is possihle o0 focus on eitler
the surface of the subsirate nsell’ ar on the surface of the
conting. This methedology may be combined with the
cross-polarity method discribed above in onder o enbance
particular Features of the substmie ot o pasticular level. It
should be poted thot although the first pelorizer 108 and
seoond pelarizer 108 may be wsed in the Bashion described
and are therelore present in a polentially preferred embodi-
ment, they ane v pecessary 1o the function of the present
mvention amd need potd be meloded.

[0041] In secordamee with the present invention. the
refbected light 1M passes through o momow bandwidih
opiecal filter 106 simikar to the namow bandwidth lter 15
previowsly deseribed. Coatings used on, for instance, aircrafi
components and assemblies are generally desigmed 10 be
opaque in the visible moge of light. Offten. they are mone
trapsparent in the infrred moge of light Accordingly,
certain wavelengths nl']inm are more Bkely W pass through
the coating o be reflected by the subsimte beneath. The
aminge created by the postbon of Use reflected light 104 having
these wavebengths will represent an image primarily of the
suhstrate 102 instend of ithe costing on the substrate, 1 is
therefore desirable 1o focus on these wavelengihs 1 the
exclusion of others, and they become the selected wave-
lengths passed by the mermow bandwidih optical liler 106,
The filter 106 need not be @ single filter, but coudd be o serics
of fihers, in order 10 tailor the bandpass wavelength 1o a
specific wavelength mnge.

[0042] Subsequent o passing through the filter 106, the
refbected light 104 reachies a detector in the form of o focal
plane 108, A focal plane armay (e shown) is positioned ot
a focal plane 108 for the purpose of receiving an image by
the reflected light 104 a0 the focal plane 108 Structurl
Teatures of the substrate 102, such as crocks 110 amd
corrosion are visible in this image 109 Tle fiscal plane areay
s operntive b ke this imoge genernte it as o photogrph,
image on an LCTY display, or otherwise represent it on o
human-viewable mediun.

[0043] The following examples are infended 1o ilustrte
the various aspecis of the present invention and ane wot
infendexd B0 limil the soope of the invention,

EXAMPLE 1

[0044]  An alminem panel coaled with Military Cirnde
Epoxy Primer. MIL-P-23377TY1 amd Military Grade Poly-
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urethane Top Coat, MIL-PRF-852E5 TY1 having o total
thickness of approximately 2.1 00 3.3 mils (000021 1o 00033
thousands of an mch ) was imaged with o standond mid-wave
Merdin™ [R Comern with the standand of detection limits of
b focal plane in the mid-wave. The pasel was illuminated
with IR rsdantion. A filter comprsing multiple filters having
an adjusishle hamdwidith was wsed 10 produce images s
ldlinH,l. of 35 micrometers, 3.5-5 micrometers, ard 3.75-5
micromelers. During the imaging process, the pangl was
Tweld at room temperaune of approximately 70w 75° F FIG.
5 shows the results with the 33 micronseter Gler; FIG. 6
shows the results with the 3.5-5 micrometer filier; and FIG.
T shows the resubis with the 3.73-3 micromseter filter. The
figures show the improved effect of glane removal. FIG. 5
shows the baseline image prodoced by the siandard mid-
wave Merlin™ IR Camera. This image has significanly
increased brightness compared 1o the other images. The
brightiess is due in part o the reflection off e coating
surface, This reflection is out hack by the moving the filer
window from 3.0 10 3.5 micrond, as shown in FIG. 6.
Additionally moviag the filer swincow up b 3.75 microns
significamily enhonees the window, a5 mere glire is
removed. The filer windows should be optimized o only
for the comern anad focal plane, but also for the 1R trans-
mission window of the coating. This process may be
repeabed umial the TR energy reduction from the glare does
not worrant any more glare removal from the image of the
Camera,

EXAMPLE 2

[0045] Example | wos repeated, except the aluminim
pane] was conbed with two coasts of Militury Grade Epoxy
Primer, MIL-PRF-2337TTY1] and two coats of Military
Cimsde Pobyurethane Top Coat, MIL-PRF-85285TY1 having
a total approximate thickness of 4.2 w0 6.6 mils (000446 0
(ol thousamds of an isch). FIG. B shows the resulis with
the 3-5 micnometer filter: FIG, % shows the results with the
3.5-5 micrometer filler: and FIG. 10 shows ihe significamby
improved resulls with the 3.75%5 micrometer filter.

[i46]  FIGS, 510 illusirie the improved eontrast that
can be seen aller the incorporstion of the narmow bandwidth
filter of the present invention, In addition te self-illumina-
ton and [H-allumination technigues, the present marmow
handwidih filter s also applicable 1o active thermogrmaphy o
improve contrast and fidelity of images prodeced from the
flash lamp process. The imoges produced by active thers
mography can alsx be of the reflectance mode or imnges
prodisced from the thermographic cooling mode, as a func-
1son of time.

[047]  Wherneas particular embodiments of this invention
have been descnbed above for purposes ol illustrstion, 1
will be evident to those skilled in the an ihai namerous
variations of the details of the present invention may be
made without departing from the invention as defined in the
appended ¢loims,

1. A system for imaging the surfoce of a subsirte through
o coating on the substmle, comprising:

adetector positioned 1o receve infrared mdistion from the
suhstrate surface: ond
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o least one narmow  bandwidih spectral optical filier
between the substrate and the detector 1o pass infrared
wavelengths from 3,75 o 5.0 micrometers to the detec-
1o,

2. The system of claim 1, wheredn the infrared radiation
Trom the subsimie COmprses hlal;]sbud}- rudatzn rom the
stghsime,

3. The system of claim 1, wherein the infrared radiation
from the subsimile comprises reflected infrared rdingion
Trom the substrate.

4 The system of claim 1, further comprising a source of
infrared mdistion illuminating the subhsimte.

5. The system of ¢laim 1. wherein the detector comprises
an infirared camer,

6. The system of elaim 6, whenein the infrared camera
detects mad-infraned raciation lavieg wavelengths between
about 1 and sbout 5 microns.

T. Tl systeen of claim 1, wherein the structural featres
comprise defects,

B The gystem of claim 1. wherein the object comprises an
mrerafl component.

9. The system of claim 1, wherein the coating has o
thickness of 005 10 12 mils.

10, The system of claim 1, wherein the coating comprises
paind, & composite matrix malerial, primer, top coot andor
untermvedinte unﬁ.rmu

11, The system of claim 1, further comprising means for
displaying an image of the object including the detecied
structural features,

12, The system of ¢loim |, further comprising menns for
comparing an image of the object ncluding the detected
structural featuires with a refenence image.

13, The method of elaim 1.2, wherein the reference imnge
15 generted Trom another ohject similar b the coated obgect
that i= substantially free of defects,

14, The system of claim 1, funber comprising means for
comparig an image of the object whene the filer may be
selected o moximize signal-io-noise e ond contrst
betwoen rellective surfaces through o coating.
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15. A method for imaging the surfoce of a suhsirie
through o eoating on the substmle, comprising:

generating infrared light from the subsimie;

filtering the infraned light with a narow bandwidih filler
which passes wavelengths within o mnge of from 3,75
o 50 micrometens; and

receiving the fillered infrared light on o detector,

16. The method of claim 15, wherein the infrared radia-
tion from the substrute compnises blackbody madintion from
the subsirate.

17, The method of claim 15, whersin the infrared radia-
tsom from the substrote comprises reflected infraned radiation
from the substrate.

I8, The method of clam 15, furiber comprising illumi-
nating the substrate with infranesd racdiation.

19. The method of claim |5, whercin the coating has o
thickness not to exceed 12 mils.

20. The method of claim 15, funher comprising generat-
ing of least one image from the detector so as to visually
reveal struciuml features of the subsirute.

22, The device s clumed in cloim 19, wherein the
wavegnide comprises wo waveguide parts which enclose
the component when snid two waveguide pars are
mssembled,

23 The device as claimed in claim 19, comprising a static
magnet whose field line inside the woveguide ane oniented in
the  direction,

2. The device o clumed in clam 19, wherein the
waveguide comprises two waveguide parts which enclose
the componenl when when sadd two waveguide parts are
asmsembled and the magnetic held line ore guided vin the
sides of one of the two waveguide parts info the adhesive
Joint.

1-34



Us0071

United States Patent

932

15B2

(12) (10) Patent No.: US 7,193,215 B2
DiMarzio et al. 45) Date of Patent: Mar. 20, 2007
(54) SYSTEM AND METHOD FOR IMAGING OF 5266806 A 11/1993 Barber
COATED SUBSTRATES 5,287,183 A 2/1994 Thomas et al
5,582,485 A 12/1996 Lesniak
(75) Inventors: Don DiMarzioe, Northport, NY (US): 3,703,362 A 13.;1:997 Devitt'et al:
Robert Silberstein, New York, NY 5,714,758 A 21998 Heu :
(US); John Weir, Huntington, NY (US) JI05780 4 0il99%; Chiaplin et al
S ’ glon, 5.963,653 A 10/1999 McNary et al.
. i 4 : 6,000,844 A 12/1999  Cramer et al.
(73) Assignee: Northrop ‘(xrum‘man Corporation, Los 6.184.528 Bl 22001 DiMarzio et al.
Angeles, CA (US) 6.489,992 B2 12/2002 Savoye
) ) o ) 6495833 Bl 12/2002 Alfano et al.
(*) Notice:  Subject to any disclaimer, the term of this 6,515,285 Bl 2/2003 Marshall et al.
patent is extended or adjusted under 35 6,597,448 Bl 7/2003 Nishiyama et al.
U.8.C. 154(h) by 0 days. 6,784,428 B2* 82004 Rabolt et al. .......... 250/339.02
6,795,175 B2*  9/2004 Hunt ... 356/237.2
(21) Appl. No.: 11/211,304 6943353 B2* 9/2005 FElmore et al. 250/339.02
(22) Filed: Aug. 25, 2005 FOREIGN PATENT DOCUMENTS
WO WO 0120319 Al 3/2001
(65) Prior Publication Data . .
* cited by examiner
US 2007/0012877 Al Jan. 18, 2007
Primary Examiner—Otilia Gabor
Related U.S. Application Data (74) Aworney, Agent, or Firm—Stetina Brunda Garred &
A P Bruck
(63) Continuation of application No. 10/213,599, filed on e
Aug. 6, 2002, now abandoned. (57) ABSTRACT
(51) Int. (5]' The present invention relates 1o a system for imaging the
G‘{“‘ ‘21/35 (2006.01) surface of a substrate through a coating on the substrate. The
(52) US. Cl i 250/341.8: 250/339.11 system includes an infrared light source positioned to cast an
(58) Field of Classification Search ........... 250/341.8, infrared light upon the substrate to thereby create reflected
250/339.03, 358.1 light. A focal plane array may be positioned to receive the
See application file for complete search history. reflected light and generate an image therefrom. At least one
(56) References Cited optical filter may be disposed hetweenr the sv.‘lbstrale and the
focal plane array so as to pass only coating transparent
U.S. PATENT DOCUMENTS wavelengths of the reflected light along an optical path
between the infrared light source and the focal plane array
222?2% : 1; igg‘_’: gzﬁ]{:'e}';f‘ al. thereby visually revealing irregular structural features of the
4:682,222 A 711987 Smith ef al. substrate as at least one image.
4878116 A 10/1989 Thomas et al.
4,988,875 A 1/1991 Ortiz et al. 31 Claims, 4 Drawing Sheets
5,065,630 A 11/1991 Hadeock et al. (2 of 4 Drawing Sheet(s) Filed in Color)
103 100
102
104
101
\ 1~
- \
— J
| ]

104

106




U.S. Patent Mar. 20, 2007 Sheet 1 of 4 US 7,193,215 B2

108

\
|
/

103

1-36



U.S. Patent Mar. 20, 2007 Sheet 2 of 4 US 7,193,215 B2

Corrosion Under Paint

Visible Image, IR Image,
Unpainted Aluminum Painted Aluminum

2”

Fig. 2B

Fig. 2A

1-37



U.S. Patent Mar. 20, 2007 Sheet 3 of 4 US 7,193,215 B2

Detailed Crack Detection
3 mil Painted Anodized Aluminum Bar
B S T T - 030"
- Crack

Fig. 3



U.S. Patent Mar. 20, 2007 Sheet 4 of 4 US 7,193,215 B2

400
03 [ lr ; E
(Y75 T SO NS SOOI SOVSNSOINS SUTRY SN oeeeeeeeeee]
C ; i 3.7 mils tota] painfthicknéss
: : ; - i
o 20
g
& 015
3
=
[+
201
0.05
0

2 3 4 401 5 6 7
Wavelength, pm

Fig. 4



US 7,193,215 B2

1

SYSTEM AND METHOD FOR IMAGING OF
COATED SUBSTRATES

CROSS-REFERENCE TO RELATED
APPLICATIONS

The application is a continuation of U.S. patent applica-
tion Ser. No. 10/213,599, filed Aug. 6, 2002 now abandoned.

STATEMENT RE: FEDERALLY SPONSORED
RESEARCH/DEVELOPMENT

The U.S. Government has a paid-up license in this inven-
tion and the right in limited circumstances to require the
patent owner to license to others on reasonable terms as
provided for by the terms of Contract No. DACA 72-99-C-
0011 awarded by SERDP.

BACKGROUND

The present invention relates generally to analysis of
substrates which are coated, and more particularly to a
system and method for imaging the surface of a substrate
which is coated through the coating for the purposes of

detecting rust. pitting, corrosion, cracks. scratches, gouges, 2

and other structural imperfections.

Aircraft components are subject to constant degradation
caused by environmental conditions. Various agents includ-
ing moisture, dust, wind, solar radiation, and air pollutants
canse damage to components in the form of rust or corro-
sion. Although the application of a coating, such as paint,
reduces these problems substantially, it typically cannot
eliminate them entirely. Moreover, other causes such as
stress experienced during flight can result in damage which
a coating of paint cannot mitigate, such as stress defects and
cracking, While the occurrence of these forms of damage is
to be expected, the particular rate at which any given
aircraft’s components degrade is highly dependent upon the
particular environment of the aircraft and the circumstances
under which it operates. This is readily apparent at aircraft
maintenance depots, where maintenance personnel some-
times have the opportunity to view two aircraft of similar
make and age. In many instances, the need for repair or
replacement of components is much greater for one such
aircraft than for the other. It is therefore impractical to rely
upon projected maintenance schedules in determining when
an aircraft will need repair. The only effective way to ensure
that aircraft are ready for flight is through periodic inspec-
tion.

Using traditional methods, inspection of aircraft compo-
nents is accomplished by means of visual inspection. When
visually inspecting aircraft components, the coating used to
protect the components becomes an obstacle because it may
hide structural defects beneath. It is therefore necessary to

strip the component assembly or aircraft in question of its s

paint before a proper inspection can be performed. After-
ward, a new coating of paint must be applied. Obviously,
this process results in substantial expense in the form of
labor and materials, and likewise requires a great amount of
time. It has been estimated that an aircraft spends twelve
percent of its life in some form of maintenance or inspection,
and billions of dollars are spent on aircraft maintenance
every year. Apart from the inefficiency of visual inspection
methods, another problem is the fact that visual inspection
is simply not as effective as might be desired. While a
skillful eye may pick up most human-visible defects with a
satisfactory degree of consistency, some defects may be very
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small or lie under the surface of the component. In many
cases these defects will go unnoticed by the naked human
eye, regardless of the skill and experience of the observer. It
is therefore desirable to devise a method for analyzing
damage to aircraft components without the need to strip
paint from the component or rely upon the human eye alone.
Some inventions offer insight into how this problem might
be solved.

One such invention is described in U.S. Pat. No. 5,426,
506 entitled OPTICAL METHOD AND APPARATUS FOR
DETECTION OF SURFACE AND NEAR-SUBSURFACE
DEFECTS IN DENSE CERAMICS issued to Ellingson, et
al. The invention described therein employs a laser of a
wavelength calculated to penetrate the surface of an object
to be analyzed. The laser is passed through a polarizer before
being reflected by the object, and through a second polarizer
afterward. When striking the object, that portion of light
which strikes irregularities is reflected at an altered polarity,
while the portion which strikes regular features is reflected
at its original polarity. The second polarizer is configured to
detect this difference, and the system generates an image
reflecting it. In order to generate an image of an area, the
object to be analyzed is secured to a mount capable of
translation and/or rotation and controlled by a computer or
similar device. The object is moved about under the laser
beam, to thereby be scanned. The most obvious disadvan-
tage of this system is that in order to perform area analysis,
a motorized mount typically must be used. This appears to
preclude the possibility of a hand-held unit, and the system
would be highly impractical when applied to components or
assemblies already mounted on aircraft. Another obvious
disadvantage is the method is not used to see surfaces under
organic coatings and the wavelength of the laser light will
not penetrate coatings or polymers.

A second related invention is disclosed in U.S. Pat. No.
4,682,222 entitled STIMULATED SCANNING INFRA-
RED SYSTEM issued to Smith et al. The invention uses a
collimated energy beam, such as a laser, to heat an object to
be analyzed. Because objects radiate infrared light when
they are warm, an infrared detector can then be used to
detect the heat of areas of the object relative to each other.
For instance, because areas which are cracked will heat at a
different rate than other areas, they can thereby be distin-
guished. The obvious disadvantage of this system is that the
object to be scanned must be heated. For various reasons,
methods involving heating the object to be analyzed are not
ideal. For instance, a thermal shielding component of an
aircraft with a coating of paint would pose a particular
problem for this system. The component is specifically
designed to be difficult to heat, and any source powerful
enough to heat the component would likely damage the
coating of paint. This patent additionally utilizes a technique
of thermography which does not relate to IR imaging of
substrate surfaces under organic coatings.

Still another related invention is disclosed in U.S. Pat. No.
6,184,528 entitled METHOD OF SPECTRAL NONDE-
STRUCTIVE EVALUATION issued to DiMarzio, et al. The
invention disclosed therein employs an infrared light source,
such as an infrared laser, to cast infrared light upon a
substrate. Reflected light is measured as a function of
wavelength to obtain reflectivity data. The reflectivity data
of the sample substrate is compared to reflectivity data of a
control substrate. Correlations are then drawn between dif-
ferences in order to determine the presence of corrosion.
This invention achieves some of the objectives of the present
invention, but will not detect the full range of structural
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features detectable by the present invention and does not
provide a visual image of the substrate.

It is therefore desirable to devise a system and method for
analyzing substrates free of the aforementioned drawbacks
and, further, improving upon previous systems in terms of
effectiveness and resolution.

BRIEF SUMMARY OF THE INVENTION

In accordance with the present invention, there is pro-
vided a system for imaging the surface of a substrate through
a coaling on the substrate. Coatings typically found on
substrates are designed to be opaque in the visible range of
the spectrum, and are often more transparent in the infrared
area of the spectrum. An infrared light source may be
positioned to cast infrared light upon the substrate to thereby
create reflected light. A focal plane array may be positioned
so as to receive the reflected light and generate an image
therefrom. At least one spectral optical filter may be dis-
posed between the substrate and the focal plane array so as
to pass only coating transparent wavelengths of the reflected
light along an optical path between the infrared light source
and the focal plane array thereby visually revealing struc-
tural features of the substrate as at least one image. A
multiplicity of optical filters disposed between the substrate
and the focal plane array may be employed which are
operative to generate images in a plurality of selected
wavelengths for imaging structural features of the substrate.
A multiple imaging device may be placed into communica-
tion with the focal plane array for simultaneously imaging a
plurality of structural features of the substrate.

Further, a computer may be employed which is combining
and enhancing images generated by the system to thereby
generate collective images of selected structural features of
the substrate. A computer programmed with substrate pat-
terns for color-coding selected structural features of the
substrate within the image based on the substrate patterns
may be provided so as to provide visual categorization of the
structural features. Additionally, a position sensor may be
employed to mark reference points on the surface of the
substrate s0 as to store coordinates of structural features of
the substrate. A computer formed to compare images gen-
erated at selected wavelengths in a feedback loop may be
provided so as to automatically enhance image quality of
irregular selected structural features of the substrate based
upon preselected enhancement criteria. Advantageously. the
infrared light source. the focal plane array and the at least
one optical filter may be collectively formed with a hand-
held device so as to be transportable by as single human
operator.

The system may also include a first polarizer disposed
between the infrared light source and the substrate for
polarizing the infrared light to a first selected polarity.

Additionally, a second polarizer may be disposed between s

the substrate and the focal plane array for polarizing the
reflected light to a second selected polarity. The first selected
polarity and the second selected polarity may be oppositely
configured so as to prevent reflected light corresponding to
regular features of the substrate from being received upon
the focal plane array. The polarities of the first and second
polarizers may be rotatable so as to selectably provide a
plurality of polarities for imaging irregular structural fea-
tures from the substrate.

In use, there is also provided a method for imaging the
surface of a substrate through a coating on the substrate. The
method includes directing infrared light upon the substrate.
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The infrared light may be reflected from the substrate to
thereby create reflected light. Only coating transparent
wavelengths of the reflected light may be filtered. The
reflected light may be received on a focal plane array and an
image may be generated from the focal plane array so as to
visually reveal irregular structural features of the substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

The patent or application file contains at least one drawing
executed in color, Copies of this patent with color
drawing(s) will be provided by the Patent and Trademark
Office upon request and payment of necessary fee.

FIG. 1 illustrates an embodiment of the system and

s method of the present inventions

FIG. 2A is a visible image of an unpainted selectively
corroded aluminum substrate on a chemical film treated
(Ref. Mil-¢-5541) aluminum coupon;

FIG. 2B is an IR image of the same aluminum coupon as
shown in FIG. 2A. However, in this case the substrate or
aluminum coupon has been tested with 0.006™ (6 mils) of
primer and top coat. The corrosiveness was made visible
under the coating by means of the system and method of the
present invention;

FIG. 3 is an IR Image taken of a fatigue crack on a hole
radius and made visible under a coating by means of the
system and method of the present invention; and

FIG. 4 illustrates the reflectivity principles behind the
present invention in the form of a graph illustrating sample
plots of reflectance versus wavelength for aluminum com-
ponents.

DETAILED DESCRIPTION

Referring now to the drawings wherein the showings are
for purposes of illustrating embodiments of the present
invention only, and not for purposes of limiting the same,
FIG. 1 illustrates an embodiment of the system and method
of the present invention. An infrared light source 100 is used
to cast infrared light 101 in the direction of a substrate 102
which is coated. In an embodiment of the invention, prior to
reaching the substrate 102, the infrared light 101 may pass
through a first polarizer 103. The first polarizer 103 is
operative 1o polarize the infrared light to a first selected
polarity.

Light reflected by the substrate creates reflected light 104.
In an embodiment, the reflected light 104 passes through a
second polarizer 105, The second polarizer 105 is operative
to polarize the reflected light to a second selected polarity.
For instance, the second polarizer 105 may be configured to
polarize the reflected light 104 in a direction opposite to that
of first selected direction, a method known as “cross-
polarity.” In this case, light of the polarity modulated by the
first polarizer 103 will not pass through the second polarizer
105. According to basic principles of optics, the portion of
the reflected light 104 which was reflected off of regular
areas of the substrate 102 will retain the polarity modulated
by the first polarizer 103 and therefore will not pass through
the second polarizer 105. However, the portion of the
reflected light 104 which was reflected off of irregular areas,
such as corrosion or rust, will have an altered polarity and
will therefore pass through the second polarizer 105. Addi-
tionally, this polarization technique can reduce scattering by
pigments in the coating which results in a clearer image of
the substrate. Thus, only the portion of the reflected light 104
which was reflected off of irregular areas of the substrate 102
will pass through the second polarizer 105. The first polar-
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izer 103 and second polarizer 105 may therefore operate in
tandem to highlight the areas of the substrate 102 which are
irregular because they are corroded or otherwise damaged.
Additionally, the polarity modulated by the first polarizer
103 may be configured to allow viewing of the substrate 102
at various levels. This is because light of a polarity parallel
to the substrate 102 will more easily reflect off of the
coating, while light of a polarity perpendicular to the sub-
strate 102 will more easily penetrate through the coating to
the substrate beneath. Accordingly, it is possible to focus on
either the surface of the substrate itself or on the surface of
the coating. Of course, this methodology may be combined
with the cross-polarity method described above in order to
enhance particular features of the substrate at a particular
level. It should be noted that although the first polarizer 103
and second polarizer 105 may be used in the fashion
described and are therefore present in a potentially preferred
embodiment, they are not necessary to the function of the
present invention, and need not be included.

Subsequent to passing through the second polarizer 105
(if present), the reflected light 104 passes through an optical
filter 106. The optical filter 106 is operative to filter out all
except selected wavelengths of the reflected light 104.
Coatings used on, for instance, aircraft components and

assemblies are generally designed to be opaque in the visible 2

range of light. Often, they are more transparent in the
infrared range of light. Accordingly, certain wavelengths of
light are more likely to pass through the coating to be
reflected by the substrate beneath. The image created by the
portion of the reflected light 104 having these wavelengths
will represent an image primarily of the substrate 102
instead of the coating on the substrate, It is therefore
desirable to focus on these wavelengths 1o the exclusion of
others, and they become the selected wavelengths passed by
the optical filter 106. The optical filter 106 need not be a
single filter, but could be a series of filters.

Subsequent to passing through the second polarizer 105
(if present) and optical filter 106, the reflected light 104
reaches a focal plane 108. A focal plane array (not shown)
is positioned at a focal plane 108 for the purpose of receiving
an image 109 created by the reflected light 104 at the focal
plane 108. Structural features of the substrate 102, such as
cracks 110 are visible in this image 109. The focal plane
array is operative to take this image 109 and generate it as
a photograph, image on an LCD display, or otherwise
represent it on a human-viewable medium.

FIGS. 2A, 2B, and 3 demonstrate the effectiveness of the
system and method of the present invention. FIG. 2A is a
visible image of an unpainted substrate, in this case a
chemical film treated (Ref mil-c-5541) aluminum coupon.
The structural features of the substrate are visible to the
human eye. FIG. 2B is an image of the same Alodined
aluminum coupon. However, in this case the substrate has
been coated with a 0.006" thickness (6 mils) of primer and

a top coat. The structural features of the substrate are only 5

visible because this image was generated using the system
and method of the present invention. FIG. 3 is an image of
a fastener hole, with a crack in it made visible by means of
the system and method of the present invention. Experi-
ments proved detectability of cracks as small as 0.030" in
length and pits as small as 0.001" in diameter.

FIG. 4 illustrates the reflectivity principles behind the
present invention in the form of a graph illustrating sample
plots of reflectance versus wavelength for aluminum com-
ponents. The first plot 400 is for an uncorroded aluminum
component with a layer of primer and paint having a total
thickness of 0.0037" (3.7 mils). The second plot 401 is for
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a corroded aluminum component with the same layer of
paint and primer. By comparing the plots 400 and 401 a
difference will be seen between the two plots 400 and 401
in the area between approximately a wave length of 3.5
microns (higher reflectance) and a wave length of 5.5
microns, with a dip at approximately a wave length of 4.4
microns. The first plot 400 is stronger than the second plot
401 because the uncorroded aluminum reflects a higher
portion of the infrared light passing through the paint than
the corroded aluminum does.

The above describes a basic implementation of the present
invention. The invention may take a variety of embodiments
designed to provide additional features. For instance, depen-
dent upon the coating used on the substrate or upon the
particular structural features in which an operator has inter-
est, it may be expedient to view the substrate in a variety of
wavelengths. The system may therefore include a multiplic-
ity of optical filters which may be manually or automatically
changeable in order to accomplish this objective. Likewise,
the polarity of the polarizers may be rotatable in order to
provide imaging of the substrate in a variety of combinations
of polarities. As an additional modification, the provision of
imaging at a variety of wavelengths and/or combinations of
polarities could be accomplished by means of a multiple
imaging device. This would allow the system to create a
plurality of images simultaneously for rapid processing. In
this respect, the multiple imaging device could process and
generate images at several different wavelengths and polari-
ties.

Following the above line of additions, the system could
include a computer for processing the images provided by
the system in order to provide improved images of selected
irregular structural features of the substrate. As will be
recognized by those in the art, a given structural feature of
the substrate will be more readily observable in certain
wavelengths and/or combinations of polarities than in oth-
ers. The computer could contain a database of information
with respect to which combinations were effective for view-
ing, for instance. corrosion. The operator would then simply
indicate to the computer that he desired to view corrosion,
and the computer would automatically select the combina-
tion or combinations appropriate to so doing. Additionally,
images or signal taken in the IR from the surface or internal
to the coating may be substrated out as background signals
to enhance images taken on the substrate to be inspected for
an improved composite image of the substrate surface.

The computer could additionally be programmed to rec-
ognize selected structural features of the substrate, As will
be apparent to those in the art, this can be accomplished by
means of software operative to search for substrate patterns.
Such substrate patterns may include specific corrosion char-
acteristics, extrusions and inclusions of the surface and other
characteristics which indicates that the substrate is damaged
in some manner. Once identified. the features could be
labeled for the wser. For instance, the computer could
provide color-coded images of the substrate. The color-
coding could operate as a function of feature type or level of
structural integrity. In the former case, the computer could
assign, for instance, red to corrosion and black to cracking.
In the later case, the computer could assign, for instance, red
to undamaged portions of the substrate, yellow to moder-
ately damaged portions of the substrate. and blue to seri-
ously damaged portions of the substrate. In any event, the
computer operates to perform a preliminary analysis which
may be useful to the operator.

The system could incorporate an automatic feedback loop
driven by hardware or software, operative to rapidly find the
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best combinations of wavelengths and/or polarities for view-
ing the substrate, or selected structural features of the
substrate. The computer would experiment with various
combinations and use the above mentioned identification
techniques in order to determine which combinations were
working most effectively. It could then rapidly determine
which combination or combinations were most appropriate
for the task at hand, and automatically employ those com-
binations.

Furthermore, the system could comprise an automatic
pointer device operative to generate an alarm or automatic
notification when selected structural features are observed.
This counld take the form of software operative to impose a
crosshair on the image or software or hardware operative to
automatically zoom on selected structural features of the
image, for instance. The latter would be highly useful in
applications where it is necessary to analyze large objects for
potentially subtle signs of damage. The operator could move
the view of the system over the object and, when the system
detected a defect of below a preset visibility threshold, it
would automatically zoom in on the defect in question to
ensure identification of the defect.

In further keeping with the above line of improvements,
a position sensor could be included in order to store coor-

dinates on the substrate for future reference. The coordinates 2

could be identified, for instance, with respect to a reference
point on the substrate. In this example, the position sensor
could record the coordinates of the system on the substrate
as a function of distance to and direction from the reference
point. Marking by the position sensor could be accom-
plished automatically by a computer, or could be perform-
able by the operator.

Still a further embodiment of the invention would provide
a communications device, such as a communications port or
transmitter, operative to put the system in communication
with an external device or network. Including a communi-
cations device could enhance the usefulness of the system in
many ways. For instance, an external computer could con-
tain a database of coatings available on the market. In order
to inspect the substrate, the operator would first identify its
coating and send a query to the external computer. The
external computer could then provide the system with infor-
mation as to which combination of wavelengths and/or
polarities was appropriate in order to effectively view the
substrate. A further improvement would use the system’s
own imaging system 1o automatically assess leatures of the
coating and send values with respect to these features to the
external computer. The external computer could compare
these values to values in its own database and identify the
coating itself before sending the relevant data. This would
eliminate the need of the operator to identify the coating in
question.

Another use of communications capability would be to
allow an operator to call up remotely stored control images.

The control images could be either images of an undamaged 5

substrate of the same design or the same substrate at an
earlier time. The control image could be displayed on the
same screen as the image then being generated in order to
allow convenient comparison by the operator, The generated
image could additionally be compared to the control image
by hardware or software operative to identify discrepancies,
in order to further clarify which structural features of the
substrate were irregular. This latter method would be par-
ticularly helpful in situations in which the substrate has, in
its undamaged form, peculiar features which may otherwise
appear to be damage. The computer could use the control
image as a mask to eliminate all structural features expected
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to be in the substrate in order to ensure that physically
irregular but appropriate features were not identified as
damage.

It will additionally be apparent to those in the art that the
images generated by use of the system and method of the
present invention may be further operated upon in order to
provide additional information. For instance, a database
could be established for the purpose of storing images taken
of a given substrate over time. The images so stored could
be compared, for instance by a computer, in order to assess
the rate at which damage was occurring to the substrate. The
approximate time at which the substrate would become
unsuitable for use could therefore be extrapolated, and
projected repair and maintenance schedules developed.

Still a further embodiment of the invention would use the
infrared light source to cause the substrate to emit light. This
could be more easily accomplished if the infrared light
source were a laser. Certain structural features of the sub-
strate will have different chemical compositions than the
undamaged portion of the substrate. They will therefore emit
light of different wavelengths than the undamaged portion of
the substrate. The system could therefore be configured to
view, for instance, corrosion by means of selecting the
selected wavelengths with respect to the wavelength of light
emitted by corrosion on the substrate. A filtered IR light
source (spectral/polarized) could also be used in the embodi-
ment as just described.

Obviously, any of the above described features could be
combined. For instance, the aforementioned damage-over-
time analysis method described would be particularly useful
in combination with a position sensor as described further
above. Additionally, while the present invention has been
described in connection with inspection of substrates for
damage, it is understood that the invention may be employed
in a variety of applications. For instance, the present inven-
tion could be used to read serial codes or other identifying
marks on substrates.

Additional modifications and improvements of the
present invention may also be apparent to those of ordinary
skill in the art. Thus, the particular combination of elements
deseribed and illustrated herein is intended to represent only
certain embodiments of the present invention, and is not
intended to serve a limitation on systems and methods
within the spirit and scope of the invention.

What is claimed is:

1. A system for imaging the surface of a substrate through
a coating on the substrate, comprising:

a) an infrared light source positioned to cast infrared light

upon the substrate to thereby create reflected light;

b) a focal plane array positioned to receive the reflected
light off the substrate surface and generating an image
therefrom; and

¢) at least one spectral optical filter disposed between the
substrate and the focal plane array so as to pass only
coating transparent wavelengths of the reflected light
along an optical path between the infrared light source
and the focal plane array thereby visually revealing
structural features of the substrate as at least one image.

2. The system of claim 1, further comprising a multiplicity
of optical filters disposed between the substrate and the focal
plane array for generating images a plurality of selected
wavelengths and for imaging structural features of the
substrate.

3. The system of claim 1. further comprising a multiple
imaging device in communication with the focal plane array
for simultaneously imaging a plurality of structural features
of the substrate.
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4. The system of claim 1, further comprising a computer
combining and enhancing images generated by the system to
thereby generate collective images of selected structural
features of the substrate.

5. The system of claim 1, further comprising a computer
programmed with substrate patterns for color-coding
selected structural features of the substrate within the image
based on the substrate patterns so as to provide visual
categorization of the structural features.

6. The system of claim 1, further comprising a position
sensor for marking reference points on the surface of the
substrate so as to store coordinates of structural features on
the substrate.

7. The system of claim 1. further comprising a computer
comparing images generated at selected wavelengths in a
feedback loop so as to automatically enhance image quality
of selected structural features of the substrate based upon
preselected enhancement criteria.

8. The system of claim 1, where in the light source, the
focal plane array and the at least one optical filters are
collectively formed within a hand-held device transportable
by a single human operator.

9. The system of claim 1, further comprising:

a) a first polarizer disposed between the infrared light

source and the substrate for polarizing the infrared light 2

to a first selected polarity; and

b) a second polarizer disposed between the substrate and
the focal plane array for polarizing the reflected light to
a second selected polarity.

10. The system of claim 9, wherein the first selected
polarity and second selected polarity are oppositely config-
ured so as to prevent reflected light corresponding to
selected structural features of the substrate from being
received upon the focal plane array.

11. The system of claim 9, further comprising a multi-
plicity of optical filters providing imaging at a plurality of
selected wavelengths so as to form an image of a plurality
of structure features from the substrate.

12. The system of claim 9, wherein the polarities of the
first and second polarizers are rotatable so as to selectably
provide a plurality of polarities for imaging structural fea-
tures from the substrate.

13. The system of claim 9, further comprising a multiple
imaging device in communication with the focal plane array
for simultaneously imaging a plurality of structural features
of the substrate.

14. The system of claim 9, further comprising a computer
combining and enhancing images generated by the system to
thereby generate collective images of selected structural
features of the substrate.

15. The system of claim 9, further comprising a computer
programmed with substrate patterns for color-coding
selected structural features of the substrate within the image
based on the substrate patterns so as to provide visual
categorization of the irregular structure features.

16. The system of claim 9. further comprising a position
sensor for making reference points on the surface of the
substrate so as to store coordinates of structure features of
the substrate.

17. The system of claim 9, further comprising a computer
comparing images generated at a plurality of selected wave-
lengths and selected polarities in a feedback loop so as to
automatically enhancing the image quality of selected struc-
tural features of the substrate based upon selected criteria.
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18. The system of claim 9, wherein the infrared light
source, the focal plane array and the at least one optical filter
are collectively formed within a hand-held device transport-
able by a single human operator.

19. The system of claim 1, further comprising a commu-
nication device for transferring the revealed structure fea-
tures to a remote human viewable medium,

20. The system of claim 1, further comprising a commu-
nication device for transferring the revealed structure fea-
tures to a database.

21. The system of claim 1. further comprising a commu-
nication device for transferring the revealed structural fea-
tures to a database.

22. A method of imaging the surface of a substrate

5 through a coating on the substrate, comprising:

a) directing infrared light upon the substrate;

b) reflecting the infrared light from the substrate to
thereby create reflected light;

c) filtering to pass only coating transparent wavelengths
of the reflected light;

d) receiving the filtered reflected light on a focal plane
array; and

e) generating at least one image from the focal plane array
so as to visually reveal structural features of the sub-
strate.

23. The method of claim 22, further comprising compar-
ing a plurality of images generated upon the focal plane
array as a function of time to thereby establish a rate of
degradation for the substrate.

24. The method of claim 22, further comprising selecting
the coating transparent wavelengths from a database storing
reflectivity characteristics of coatings found on substrate.

25. The method of claim 22, further comprising compar-
ing the generated images with a pre-selected control image
to thereby identify irregular structural features of the sub-
strate.

26. The method of claim 22, further comprising:

a) directing the infrared light through a first polarizer
before the infrared light reaches the substrate so as to
polarize the infrared light to a first selected polarity;
and

b) directing the reflected light through a second polarizer
before the infrared light reaches the focal plane array so
as to polarize the reflected to a second polarity.

27. The method of claim 26, wherein the first selected
polarity and the second polarity are oppositely features of
the substrate from being received upon the focal plane.

28. The method of claim 26, further comprising compar-
ing a plurality of images generated upon the focal plane
array as a function of time to thereby establish a rate of
degradation for the substrate.

29. The method of claim 26, further comprising selecting
the selected wavelengths and first and second selected
polarities from a database storing reflectivity and character-
istics of coatings found on substrates.

30. The method of claim 26, further comprising compar-
ing the generated images with a pre-selected control image
to thereby identify irregular structural features of the sub-
strate.

31. The method of claim 22, further comprising transfer-
ring the generated images to a remote human viewable
medium.
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Code 5.4
Date: 20 JUN 06

NON-DESTRUCTIVE INSPECTION (WD

1. General

3. Enmsure each trainee has a
current work record that documenis the
miethod{s) in which they are receiving
trainmng. Chaily entries are reguired
unless the work is repstitive in nature.
WWhen work is of a repstitive nature, one
entry per week is sufficient.

b. Certification/re-cerification for
lewels [, 1 and |1 shall be AW
refergnces (3), (1) and (u) and the
American Society for Mon-Destructive
Testing (ASNT) for the following: liquid
penefrant {LT), magnetic particle (MT],
eddy current (ET), ulirasonsz (UT],
radiography (BT} temper etch (TE] and
infrared {IR]} insp=ction methods
recommended practices.

2. Cerificaton Beguiremenis,

Education. Traning amd Work
Experience. 'ndwiduals considered for

cerification shall receive sufficient
formal fraining to become proficient with
principles and practices of the
applicable test method AW reference
). The training program shall incude
nsiruction in introducticn io defects in
materals; basic MO principles.
producis, equipment, cperating
procedurss and test iechnicues
sncouniered m 3 specific assignment;
applicable loeal mstruction,
specifications and codes. The following
are mmimun requirements for training
and expersnce:

a. Lewel [. Shall hawve sufficient
tramming and indoctrination in the
spplicabis method to have passed the
applicable gualification exams [AW the
followmng: classroom, genersl MO work
sxperience hours and OUT are the
minemem regquiremsnts for level |
cerificaton.

METHOD | CLASSROOM | OJT IN METHOD | _oERERALNDLIWORK W

PT 16 hiowrs 130 hours 63 hours
T 16 howurs 85 hours 65 howrs

ET £0hours 400 hours 85 hours

uT 40 howrs 400 hours 200 hours

AT 40 howrs 400 hours 200 hours

TE 4 hours 30 hours 130 hours

R 4 hours 24 hours 130 hours

b. Leyelll. Individuals shall hawe
completed the following wtal hours in

frainmg (including any level | raining] for

J-2

the applicable method and gensral MO
Work experence:
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NAVAIRDEPOTIAXINGT 4855 2K

Code 6.4
Date: 20 JUN 0B
CLASSROOM OJT IN GEMERAL NDI WORK
LEASSHEOM Direct access METHCD IN EXFERIEMCE ANY
METHOD Level | .
e e A (Without Level | Lewel | METHOD
P experience) EEpErience (Mo level | cert)
FT 18 howrs 32 hours 270 hours 400 howrs
MT 18 hours 32 howrs 200 hours 530 hours
ET 4} hours ED howurs 1200 hours 1800 hours
uT 410 hours 50 howrs 1200 hours 1200 hours
AT 40 hours 50 howrs 1200 hours 1200 hours
TE 4 hours 8 hours &0 hours 400 howrs
IR 4 hours & hours 48 hours 400 howrs

"Individua’s must be cenified in two cther methods.

c. Lewel I

[1) Indniduals shall have
completed one of the following lewe! |l or

eguivalent work experiencs (non-

current) m the applicable method and in

conjuncton with the level of education
ttained 3= shown in the below charl.

LEVEL II METHOD {+) METHOD (+] MIN THREE ¥R WITH
METHOD METHOD WITH NO TECHNICAL ACCREDITED
COLLEGE DEGREE | ASSOCIATE'S DEGREE | SCIENGRG DEGREE
FT 4 years exp 2 years exp 1-year exp
KT 4 years exp 2 years exp 1-year exp
ET 4 years exp 2 years sxp 1-year exp
uT £ Years exp 2 Years sxp 1-year exp
RT £ Years exp 2 years sxp 1-year exp
TE £ years gxp 2 years exp 1-year exp
R £ years exp 2 years exp 1-year exp

(2} Level lll candidates shall be
examinsd and cerifed by ASNT.
Exceptions to this requirement are when
no ASMT cerification for an MDD method

exists.
will be developed.

n those cases, locs! procedures

d. MO Instructer. Indiiduals must
at a minimum mest one of the following

J-3

criteria in order to be designated 3= an

MO imstructor:

(1} Be certfied to Level Il in the
miethad for which they wit be designated

nstructors.

[2] Pessess the equvalent of a
Bachelor of Science (B.5.) degree in
snginsering, physical sciencs, or

Enclosure {7




technciogy and have sufficient
knowledge in the method for which they
will be designated instructors.

(2} Possess an associate’s
degres in physical science or
technology and have a minirmum of five
YEArs expenence. of sguivalent, as a
lewed Il in the method for which they well
be designated instructars.

{41 Possess a minirmum of 10
years' expersnce as a leve! ||, or
eguivalent. m the method for which they
will be designated instruciors.

e. Candidates for MO centificaton
shall recewve instructon in the folowng
prior to being certified:

1) Standardization and calibration.

{2} Cperation of applicab’s test
eguipment

{31 Specific test procaedurss.

14} Interpretationevaluation of
test resuits.

{5) Safety.

(2) Apphcable codes,
specifications and standards.

f. Trainng Final Examinations. &n
indwidual must pass a fnal exam

{rinirmunm score of 70} in order to receive
credit for @ block of trawing hours. Such
examinations given in conjunction with
training sha® not be used 1o satisfy any of
thie gualification examination reguire-
rmients. This requirernent is applicabis o
all traning whether for initiaf gualification.
remedial, or continuing education.

J4
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Code 6.4
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3. Previcus Experience/Trainmng.
Frevious expersnce of framing at other

facilities must be substantisted and
wverfied m writing by the previous
employers] and the indwidual tested o
determine compelence at previously
ceriified levels withn 3 given NDI
method. As 3 minmuem, indwiduals
must pass the applicable written,
practizcal and physical examinations.

(1] Cerifization Exammnabions.
Exams to venfy both physical and
technizal qualifizations shall consist of
phiysizal, wisual acuity. general, specific
and practical exams. The examination
guestons for each leve! shall be repre-
seniative of the knowledge and
proficiency reguired. The candidate for
cerificaton must achieve a minimurm
grade of T0% on the general and
specific gualification exams. They must
detect all discontinuities or conditions
specified by the level Il during the
practizal exam and achizswe 3 minimum
score of T0% on the remainder of the
practiza’ exam. The candidate musi
have an overall average score of no less
tham 20% in order fo be efpible for
cerificaton. All examn scores shal be of
sgual weight in determining the averags
score. Materials Enginesring Division
icode 4.2.7) may call for re-examination
of MO personnel and may recommend
cerification be revoked, or that
personnel receive addifional iraming and
re-examinaticn.

[2] Physical. Annual physical
exams consist of radiation physicals
8% MAVAIRINET 5100.64 Radiclogical
Affairs Suppor Program, urine testing
plood count. Prostate Specific Antigen
{FEA), hearing and vision as directed by
the attending physician. Exam requred
for re-cerfification.
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(3] Visual Acuity. Yeary
examination conducted to ensure
natural or commected visiocn mests the
following minimum requirsments:

(@] Mear Vision, At least one
eye. Jasgar 1 at not less than 12 inches.

b} Color Perception. Must be
capakble of dstinguishing and

differentiating betwesn colors wsed in
thie method(s) to be certified.

(4] Zenersl This examination
shall be closed book for all levels. 11 shall
consist of guestions covering the cross-
section of the applicable method a1 the
appropriate level Clueslions, answers
and references in the applicable
supplement or other sources may be
used in developing examinations. &
minimum of 40 guestions shall be used
o test each lewel of cenification. For
lewel I, the gensral exam gquestions shall
adadress geners! knowledgs of other
rmigthods as we'l as the method for which
certfication is sought.

(2) Specific. This examination for
al levels shall be closed book and cover
thie specifications, codes, eguipment.
cperating procedures and fest
technigues the candidate may use in the
performance of ther duties. A minimum
of 30 guestions shall be used for the
specific examination at each level,

(G} Practical. This examinaton
shall consist of 3 demonstration of
proficiency by the candidate in performing
tasks that are typica’ of thoss o be
accompished in the performance of
histher duties. Tesisamples used in the
examinaton may be actual hardware if
the candidate is required to demonsirate
proficiency n the application of the
process and interpreting results or

NAVAIRDEPOTJAXINST 4855 2K
Code 6.4
Date: 30 JUN D6

nierpretation of mages only. Written
checkists covering the topics detatied
below shall be developed by the lewvel [
o ensure adsquate coverage and 1o
Fssist in the administration and grading of
thie examination.

{a) Lewe! |. Candidats shall
demaonstrate proficiency by using the
approgriate method to examine at least
one test sample for each technigue to
e used and document the resulis. Test
samp'es shall represent producis
narmally processed. Checklist shall
address proficiency in the use of
procedurss and sguipment or materals,
sdhersnce o procedural details, and the
documentation of the resufts. |f the
candidate is to accept products, then the
checklist shall alse inzlude proficiency n
the interpretation and evaluation of
ndications.

b} Level ll. Candidate sha
demonsirate preficiency by using the
appropriate method 1o examineg at least
one test sample for each technigue.
Zandidate shall interpret, evaiuate, and
document the resuts of the examinations
of test sampies. At least two fest
samples shall be evaluated for each
method. Test samples shall be
representative of the products nommally
processed. CheckPst shall melude
proficiency in the use of the procedurss
and egupment or maierials, adherence
o procedural details, and the accuracy
and completeness of interpretations ana
evaluation of indications.

(o) Leye! ||, Candwdate shall
demaonstrate proficiency by preparing an
WO procedurs appropriate to
employer's requiremenis. Candidates
requirsd to inspect or evaluaie products
sha'l demonstrate proficiency in
performing such tasks., Checklist shall
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adaress the practical and technical
adeguacy of the procedures prepared
by the candidate and, when agplicabls,
thie adsguacy of the interpretaticn and
evaluaton of indicatons. If the
candidate has previously develoged
satisfactory procedures, it is not
necessary to develop another one for
thie practical exam. The results of
praciical exams sha'l b2 documented.
Frocedures developed for a previous
employer can be used to satisfy this
reguirement if their adequacy can be
verified and documenied.

3. Re-Certification Regurements

a. Levell and Lavel || Re-
Cenification Reguirements

1) Maintzin cedification curmency.

{21 Pass annual physical and
vision screening requiremenis.

131 Fass general, specific and
praciical exams (test to be adminisiersd
na sooner than 30 days prior to re-
cerification].

(4] Re-carbify every five years.,
{3} Complete the following

nuember of continwing education {CE)
haurs prior to re-certifcation:

METHOD | REQUIRED CE HOURS

FT <
MT 2
ET E
UT 18
RT 18
TE 4

R 4

in

NAVAIRDEPOTJAXINST 4855 2K
Code 6.4
Date: 20 JUN 06

(6] Contrvuing educaton hours
may be completed any time during the
fiwve-year re-cardifization cycle.
Continuing education curricula sha
prowndefensure NI certified personne
are prowided fimely and useful
nformation relative to curment MD
praclices, procedures and sguipment.
Where possible. enhance the skills and
anilities of MO cerifed personnel, and to
continualy improwve the process of MO

b. Leyel Il Be-Cerification
Beguirements

(1} Maintain certification currency
for ASMNTilocal requirements.

[2} Re-cenify every five years.
[3) Re-cerify via ASNT or local
reguirements whers no ASNT

reguirsments exist.

[4} Pass annual vision screening
rEqUIrEmMEents.

4. Progedures

3. Materials Engineerng Division
jcode 4.2.7) WO Program Manager

{1} Approve written and practical
SXAMS.

(2] Provide technical expertise.

{3 Provide signature authority for
granting MO certfcation.

(4} Maintain lewe’ 11 ASNT
cerificatons.

[5] Provide enginsering support
35 necessary, see refersnce [v).
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k. Candidale's Supenisor

{11 Ensure NCI candidates
complete al! cenifcation requirements.

{21 Reguest re-certfication via
rmemaorandum o the Indusirial Quaty
Management Civision (code G4.1) MD
Cerification Program Manager.

{31 Ensure NOI Waerk Records,
MAVAIRDEPOTIAX 485585, are
completed by MOl personnel and
forwarded o the Commaon Industrial
Programs Dwisicn {code 8.2.5).

14} Ensure each trainee has a
current work record.

(2] Ensure arlisans perform)
document one job in each MO method
{L=zwel | and Lewve! [I) every three months
at a mimimum o reman cument,

c. Indusinizl Suality Management
Diivision {code 6.4 1] MDD Cerfication

Program Manager

(1) Rewiew cenification
documentation for guality reguirements.

{21 Sign applicable cenifization
documentation.

17
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Code 6.4
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[3] Maintain NCI Special Process
Certification in TMS/EC+ database.

d. Common Indusirial Programs
e = :

Cyw=mimati i E 7 1E

Instructor

{1) Prowvide continuing educaton
iraining and CJT for level | and bewvel I
certifications.

[21 Provide remedia’ traineng
when the results of general, spesific, or
practizal exams ndicate the need for
additional raming or as required dus o
feedback.

[3] Adminsster and evaluate
general, specific and practical exams

[4] Rewise (with the concurrence
of the MO Program Manager) general,
specific and praciical exams every fve
YEars.

5] Maintain cenificationire-
cerification records 1AW reference {u).
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MID WAVE INFRARED INSPECTION OF CORROSION
UNDER PAINTED AIRCRAFT COMPONENTS
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1. Introduction. This work package provides
information for the use of infrared thermography
(mid-IR reflection) for the detection of metallic
corrosion through organic paint systems applied
to aircraft, components and avionics equipment.
This inspection technique is applicable for use at
Organizational, Intermediate, and Depot levels.

2. Infrared Thermography Defined. Infrared
thermography is the process of acquisition,

analysis, and interpretation of infrared (thermal)
energy radiating from a surface.

3. Infrared Thermography Techniques.

a. Passive Thermography. Passive thermography
involves the use of an IR camera o detect

thermal energy from any material above 0 Kelvin.

b. Reflectance Thermography. Reflectance
thermography involves the use of external IR
emitters to generate IR reflectance energy from a
metal substrate, quite often through organic
coatings.

c. Flash Thermography. Flash thermography
involves the use of a flash bulb to impart heat on
an object. As the heat is absorbed into and
emitted from the part, an IR camera records the
heat transfer.

4. Thermal Energy Concepts.

a. Energy. Energy is the ability to do work.
There are many different forms of energy and
each one can be converted to a different form of
energy.

b. Heat. Heat is the thermal energy that people
sense. It is the result of a temperature difference
between two materials.

¢. Temperature. Temperature is the
measurement of the random movements or
dissociation of the atoms and molecules of a
material. As the molecular dissociation increases
in a material, the temperature of the material
increases. If the molecules of a material are
moving, the material is said to have thermal
energy. The lowest possible temperature is
absolute zero, or (0 Kelvin, where no atoms or
molecules are moving. Nothing exists at )
Kelvin, therefore all objects emit some form
thermal energy.
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5. IR Science Fundamentals.

a. The Electromagnetic Spectrum. The
electromagnetic spectrum comprises all forms of

energy. The spectrum spans from low energy
radio waves to high energy gamma-rays. Visible
light that human beings see is near the middle of
the spectrum at roughly 400 nm to 750 nm
(0.400 pm 1o 0.750 pm). Infrared light or
radiation exists at longer wavelengths than
visible light between approximately 0.700 pm to
12.0 um. Refer to figure | for the spectrum.

10?2 1 10?2 0? 10# 101 w'?
1 i 1 1 1 1
Radio Migro- Lira- Gamma
waves wave Iniared | violet  FFEYS  Cp
Visible Light
axio” Tx10T

Figure 1: Electromagnetic Spectrum

b. IR Waves. Generally, IR waves are classified
as either mid wave or long wave. Mid wave IR
radiation is found around the 3 pm to 5 pm range.
Long wave IR radiation is found around the 8

um to 12 pm. Most thermography systems are
designed to measure in the long wave IR band.
However, recent emphasis has been placed on
mid wave IR due to the ability of the energy to
transmit through certain opaque materials.

¢. Visible Light. Visible light is different than
infrared light in that the latter can not be seen
with the naked eye. Infrared cameras only detect
infrared energy and not visible light energy.

d. Conservation of Energy. The first law of
thermodynamics states that energy can neither be
created nor destroyed. This means that any
incident infrared energy on a materials surface
must be absorbed, reflected, or transmitted by
that material. The following equation states the
relationship:

a+p+7=1 (1)

e. Absorption (¢). Absorption is the fraction of
incident infrared radiation absorbed by a material.

K-3



NAVAIR XX-XXX-XXX
Date 16 April 2007

f. Reflectance (p). Reflectance is the fraction of
incident infrared radiation reflected ofT a surface.

g. Transmissivity (t). Transmissivity is the
fraction of incident infrared radiation transmitted

through a material.

h. Emissivity. Emissivity is equal to the
absorption of a material. The amount of energy
a material emits is dependent upon this property.
In general, materials that do not have a high
emissivity are shiny, smooth metals. Measuring
the correct emissivity is critical to obtaining
quantitative accuracy.

Certain materials may be opaque but have a very
high transmissivity. This property of some
organic coatings comes in handy when
inspecting metallic substrates for corrosion. As
it is explained later, corrosive products and non-
corroded metal substrates have different
emissivities, which allow mid wave thermal
imaging systems to detect corrosion underneath
certain organic coatings.

6. Corrosion.

a. Corrosion Defined. Corrosion is the
electrochemical deterioration of a material or its
properties due to its chemical reaction with the
surrounding environment. This reaction occurs
because of the tendency of metals to return to
their naturally occurring state, usually oxide or
sulfide ores. For example, iron in the presence of
moisture and air will return to its natural state,
iron oxide or rust. Aluminum and magnesium
form corrosion products that are white oxides or
hydroxides. When a water solution containing
soluble salts is present, corrosion of many alloys
can occur easily at ambient temperatures. This
type of corrosion can be effectively treated by
maintenance personnel as discussed in this
manual. Corrosion can also occur in the absence
of water but only at high temperatures, such as
those found in gas turbine engines. However, the
most common type of corrosion (and the one that
can be most effectively treated by maintenance
personnel) is electrochemical corrosion.

b. Effect on Military Aircrafl.

Maintenance of military aircraft and avionic
equipment requires knowledge of why metals
corrode and materials degrade. The theory lies in
the definition and description of mechanisms that
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cause equipment to fail in field service.
Corrosion is the chemical or electrochemical
deterioration of a material. This deterioration is
complex in nature because of the various types
of corrosion, the frequent simultaneous presence
of several types of corrosion, and the design
characteristics and maintenance/environmental
factors that make aircraft and avionic systems
susceptible to corrosion.

Corrosion can cause complete failure of
equipment or undesirable changes in electrical
characteristics. It is a process that is active on a
24 hour basis. Equipment does not necessarily
have to be installed, operated, or resident in a
particularly harsh environment. Some form of
corrosion will take place even in near ideal
environments. All personnel should recognize
that corrosion is the natural continuing process
of materials returning to their normal state.
Inadequate corrosion prevention and control will
ultimately affect equipment life cycles,
downtime, and overall system reliability.

7. Infrared Inspection of Corrosion.

a. IRRIT. Current NDI methods are inadequate
in detecting relatively small concentrations of
corrosion products at the metal/paint interface
through an intact coating system. Most common
methods are useful for crack detection, however
they tend to concentrate on detecting significant
amounts of bulk corrosion and defects in
structural members and require coating removal.
The infrared reflectance imaging technique
(IRRIT) provides an alternative method that
would enhance or replace other corrosion
inspection methods by its ability to detect
relatively small concentrations of corrosion
through the coating system.

b. IRRIT Background. IRRIT was successfully
developed under a previous Government contract
managed by the Strategic Environmental
Research and Development Program (SERDP)
Project PP-1137 under the Secretary of Defense
Office with Northrop Grumman Corporation
(NGC) as the prime contractor. The technology
exploits the difference in infrared reflection
properties between corroded and non-corroded
metallic surfaces. Infrared (IR) radiation from
maintenance facility lights, the sun, or a low-
wattage IR heater illuminates the area to be
observed. The IR passes directly through the
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coating and then reflects off the metallic
substrate back through the coating and into an IR
camera. Since the corroded areas do not reflect
the IR energy as well as the non-corroded areas,
a picture or image is generated by the IR camera
much the same as observing the corrosion under
standard visual techniques.

c. Inspection Intervals. Inspection intervals,
methodology, and equipment are prescribed in
applicable maintenance manuals, (derived from
commercial, depot engineering data, and end-
user input) inspection work cards or checklist.
All requirements pertaining to inspections are
normally accomplished concurrently to avoid
complication in scheduling and controlling the
required maintenance. The typical inspection
concepts for aerospace vehicles are periodic,
phase, isochronal, phased depot maintenance
(PDM) and aerospace vehicle manufacture
maintenance. The weapon system manager
establishes the necessary controls to ensure that
the periodic, phase, or isochronal inspections are
accomplished at or near the scheduled due time
as authorized in applicable technical manuals or
approved waivers. System engineers and the
using activity have the primary responsibility for
the safe operation of aerospace vehicles, systems,
and components. Systems managers and
engineers with authority may increase the
frequency or scope of scheduled inspections or
individual inspection requirements for temporary
situations. Scheduled deviations beyond what is
authorized in weapon system specific technical
manuals must be approved through the weapon
system program office.

All activities are responsible for properly
phasing the accomplishment of additional or
replacement inspection requirements resulting in
changes to scheduled inspections and
maintenance manuals. Determine the interval for
accomplishment of any new inspection
requirements by comparing and aligning the
aerospace vehicles, systems, and components
inspection cycle with the interval prescribed for
the new requirement/process.

8. Recommendations Based on Inspection.
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a. Strip and Repaint Entire Aircraft. After
analyzing data collected from IRRIT inspections,
system managers can enhance current inspection
methods, eliminating unnecessary stripping and
repainting. System managers can shift paint
intervals, for example from 6 years to 7 years,
defer or reduce maintenance to large sectional
repairs/small spot repairs, or shift from schedule
based maintenance to conditional based
maintenance, stripping and repainting as needed,
on case by case basis.

b. Scuff-Sand and Topcoat Small Areas. Recent
advances in coating technology created by new

performance standards has led towards the
application of more durable coatings with an
extended service life (10+years). As the aircraft
painted with extended life coatings approach
their PDM cycles, IRRIT provides technicians
with a reliable and rapid method to ascertain the
condition and integrity of the coatings and
substrate without stripping of the coatings.
Managers have the option of scuff-sanding and
top coating instead of a full strip and repaint.

¢. Spot Strip and Repaint Small Areas. IRRIT s
ability to detect relatively small amounts of
corrosion through coatings, will lead to reduced
maintenance through early detection and
treatment of corrosion in its infancy stages.
Technicians can selectively sand, spot repair, and
locally touch-up affected areas.

d. Strip and Repaint Large Local Areas. Use
IRRIT to inspect coatings on aerospace vehicles,
systems, and components during PDM, field
level maintenance, or at any phase or juncture in
an inspection cycle that requires coating removal
to ascertain substrate condition. Coatings
conforming to the latest military specifications
are formulated to resist fading and chalking
making it possible to seamlessly paint large
sections of the aircraft while able to match
existing paint.

9. Managing and Monitoring Versus
Repairing Corrosion. The unique ability of
IRRIT to image corrosion through coatings in
real time, display, and store images enables
technicians to make immediate decisions, or send
images for engineering disposition. Properly
identified and cataloged inactive corrosion sites
encapsulated under an intact coating system may
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not require repairs, only increased monitoring
using IRRIT.

In some instances the corrosion removal process
of grinding and sanding, especially on critical
substrates, may actually cause more damage and
stress to the substrate than the corrosion.
Engineers using continuously updated IRRIT
data to determine disposition may decide to hold
maintenance for PDM (if aircraft is close to
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PDM), or impose flight restrictions until proper
repair/replacement can be accomplished,
enabling aircraft to remain in service.

10. Materials Compatibility. During
demonstration and validation of IRRIT, topcoats
and primers were evaluated for compatibility
with the IRRIT system. Table 1 shows the
materials tested. The
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Table 1. Materials and IRRIT Compatibility

Topcoat

MIL-PRF-85285, Ty 1

Hentzen Color 16440

DEFT Color 36375 03-GY-292, Color

Primer

MIL-P-23377

MIL-PRF-85582 Ty I Epoxy Primers
Deft 44-GN-7/ Deft 44-GN-7

Anpgnedwo)

35237 03-BL-159, Color 36320 03-GY-287
& MIL-C-27725 Fuel Tank Coating
3
B
=
APC TT—P-Z?G(] Elastomeric Polyurethane
Primer
v

Y

top row indicates the materials with the highest
compatibility with IRRIT.

11. Aluminum Substrate. Aluminum and its
alloys are the most widely used materials for
aircraft construction. Aluminum is highly anodic

as evidenced by its position in the galvanic series.

However, the formation of a tightly adhering
oxide film offers increased resistance under mild
corrosive conditions. The corrosion products of
aluminum are white to gray powdery materials
(aluminum oxide or hydroxide), which can be
removed by mechanical polishing or brushing
with abrasive. It is anodic to most other metals
and, when in contact with them, galvanic
corrosion of the aluminum will occur,

Aluminum alloys are subject to pitting,
intergranular corrosion, intergranular stress
corrosion cracking, and corrosion fatigue
cracking. In some cases, the corrosion products
of the metal in contact with aluminum are
corrosive to aluminum. Therefore, it is necessary
to clean and protect aluminum and its alloys to
prevent corrosion. Since pure aluminum is more
corrosion resistant as well as being more anodic
than most alloys, aluminum alloy sheet stock is
often covered with a thin layer of nearly pure
aluminum called alclad.

While fully intact, the alclad layer is very
resistant to corrosion because a very adherent
oxide film rapidly forms on its surface to protect
it. Alclad is easily removed by harsh treatment
with abrasives and tooling, exposing the more
corrosion susceptible aluminum alloy base metal
surface. If the break in the alclad layer is small,
the alclad will sacrificially corrode and protect
the exposed base metal alloy because it is more

anodic than the alloy. In such areas, chemical
conversion coatings, paints, and corrosion
preventive compounds are especially important.
In a marine environment, all aluminum surfaces
require protection.

12. Procedure. Corrosion inspection shall be
performed utilizing mid-IR (3 — 5 pm) infrared
imaging cameras. Inspection shall be performed
on surfaces free of external contamination, such
as, dirt, grease, oil, etc. When possible an
aircraft wash should be scheduled prior to the
inspection process. Camera operation shall be in
accordance with the equipment manufacturer’s
instructions and guidelines. Corrosion
identification shall be performed in accordance
with NA 01-1A-509. Disposition of corrosion
shall be in accordance with NA 01-1A-509 or
other program specific technical data packages.

IR Iumination — Illuminators must supply
sufficient illumination in the 3-5 micrometer
range. Sulficient illumination is defined as
enough illumination to penetrate the coating
system and reflect off the substrate to the camera
system detector array.

Acquisition System - Includes the IR Camera,
IR Illumination source, and a data acquisition
system, which can be a digital video camera
capable of storing still and video images onto
recording media.

Once IRRIT system is operating, make necessary
adjustments according to inspection environment.
IRRIT Operation Standard: A standard is
required to check operational ability of IRRIT,
and to ensure all internal camera settings are
appropriate. Recommended operational standard
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is the use of a commercially available camera
resolution standard (Air Force Target Standard)
coated with the applicable coating system
representative of the material for inspection.

13. Health, Safety, and Environmental
Considerations. While the methods,
applications, and processes described or
referenced in this document may involve
exposure to hazardous materials, this document
does not address the handling of hazardous
materials, It is the sole responsibility of each
user to ensure familiarity with the procedures for
safe and proper exposure, handling, or use of any
hazardous materials and to take necessary
precautionary measures to ensure the health and
safety of all personnel involved.

Wear appropriate Personal Protective Equipment
(PPE), (clothing, gloves, apron, eye protection,
elc.) approved for materials, procedures, and
tools being used. Contact supervisor for
guidance. If necessary, contact the local
Bioenvironmental Engineering or Safety Office
for guidance.

14. Appendix
15. Glossary of Terms.

Atmospheric Attenuation. The amount of
radiated IR energy that is absorbed by the
atmosphere. It is a function of the temperature
and humidity, particles in the air (i.e. fog, smoke,
smog, etc.) and wavelength, among other factors.

Critical Dimension. The dimension of a target
used in calculating the DRI performance. It is a
function of length, width and height, as well as
whal face of the target is presented to the imager.

DRI (Detection-Recognition-Identification). A
method of characterizing the range performance
of a thermal imager according to a standard set
of criteria using a standard atmospheric model,
and a target of alternating black and white stripes
(cycles) at different temperatures.

Detection. The minimum distance at which an
imager can reproduce a single cycle (black/white
stripe) of a target. Typically used to represent the
distance at which the imager can first detect a
given targel. In addition to the imager, the
detection range is also a function of the target
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size and temperature difference form the
background.

Field of View (FOV). The area in space that is
seen by the lens of a thermal imager. Usually
expressed in degrees, and specified for both
horizontal and vertical dimensions. The FOV is a
function of the lens.

FLIR92. A set of standards defined by the Night
Vision Laboratories for calculating DRI
information.

Focal Plane Array (FPA). An integrated circuit
with a two dimensional matrix of detector
elements that sits in the focal plane of the
thermal imager. An imager that uses an FPA is
referred to as a staring imager because the entire
array stares at the scene to collect IR energy to
make an image.

Hyperfocal Distance. The distance beyond which
all objects are in focus when an imager’s focus
adjust is set to infinity.

Infrared Imager. An Instrument that collects
infrared energy and produces a video image
where the gray scale values correspond to
differences in temperature.

Infrared. The portion of the electromagnetic
spectrum located just above visible light. The
infrared spectrum extends from just above red
(0.7 micrometers) to about 12 micrometers.

Instantancous Field of View. A measure of the
spatial resolution of an IR detector. It is defined
as the angle seen by an individual pixel in the
FPA.

Kelvin Temperature Scale. Absolute temperature
scale related to the Celsius (or Centigrade) scale.
07 Kelvin (absolute zero) is equal to -273° C.
The units of Kelvin are equal to Centigrade
degrees. Therefore, room temperature (23°C) is
equal to 296° K.

Long Wave Infrared (LWIR). The section of the
infrared band from
7 micrometers to 12 micrometers.

Micro-Cooler. A miniature Sterling Cycle
cooler used to provide cryogenic temperatures
for the Focal Plane Array.
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Micrometer (um) or Micron. One millionth of a
meter (10-6 m). Units are used to express the
wavelength of light.

Milliradian (mr). A measure of angle equal to
one thousandth of a radian (1 radian = 180°/pi).

Typically used to express the IFOV of an imager.

1 mr=0.0573°,

Mid wave Infrared (MWIR). The portion of the
infrared spectrum from 3 to 5 micrometers.

Minimum Resolvable Temperature Difference
(MRTD). A figure of merit for a particular FPA
based imager, it defines the minimum
temperature difference that can be resolved by
the detector.

Narrow Field of View (NFOV). In a dual field of
view lens, the NFOV is the smaller of the two
fields (more magnification) and is used for
detection at longer ranges.

Noise Equivalent Temperature Difference
(NETD). A figure of merit for an FPA based
imager, it defines the temperature difference that
produces a signal just equal to the RMS noise
signal.

Non-Uniformity Correction. A built in correction
routine that calculates a set of field correction
coefficients to apply to each pixel in the array to
normalize their response for a given scene
temperature.

Pixel. Abbreviation for Picture Element, or each
individual element that comprises a picture.
Typical FPAs are arrays of 320 x 480 pixels, or
256 x 2506 pixels.

Radian. The angular measurement equal to the
ratio of the arc length of a circle divided by the
radius. A circumference of a complete circle is 2
pi times the radius, so a complete circle (360°)
equal 2 pi radians, and pi radians = 180°. 1
radian = 57.3°.

Recognition. The distance at which an imager
can resolve three cycles across a given target.
Typically used to define the distance at which an
imager can distinguish between a truck and a
tank or a car. In addition to the imager, the
recognition range is also a function of the target
size and temperature difference from the
background.
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Short Wave Infrared (SWIR). The portion of the
infrared spectrum from 0.70 micrometers to 3
micrometers.

Wide Field of View (WFOV). In a dual field of

view lens, the WFOV is the wider of the two
fields (less magnification) and is used for
observing a wider field of view.



APPENDIX L SUPPLEMENTAL EVALUATION OF ADDITIONAL
COMMONLY USED COATINGS
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L.1  Introduction

In a supplemental effort, the IRRIT system was applied to an additional set of
commonly used coatings to determine, in the laboratory, the performance of a MWIR
camera on these coatings. The list of coatings tested is as follows:

e Corrosion Preventative Compound (CPC), SO SURE® MIL-C-85054B
Type I Class 134A

CPC, LEKTRO-TECH, Inc., MIL-L-87177A Type I Grade B

CPC, SO SURE®, MIL-C-81309E Type II Class 2 Grade 134A

CPC, LHB Industries, MIL-PRF-32033

Rain Erosion Coating, LORD Corporation, Lord M 1433 (MIL-C-85322)
Low Temperature Cure Powder Coat, Crosslink Powder Coatings, Inc.
Self-Priming Topcoat, Deft TT-P-2756 Type I (3 colors)

Advanced Polyurethane Coating (APC), Polyurethane Topcoat, Deft, MIL-
PRF-85285 Type I (3 colors)

e Anti-Chafe Coating, PRC-DeSoto

L.1.1 Background

This expanded investigation is a result of an October 2005 visit to the Warner
Robins Air Logistics Center (WR-ALC). At WR-ALC, it was determined that the
existing IRRIT system had some difficulty with thicker darker outer mold line (OML)
coatings (refer to Appendix B for details on the WR-ALC trip). Specifically, the FED-
STD-595 colors 36173, 36118, and 36375 of the APC or Extended Life Topcoat (ELT)
version of MIL-PRF-85285 Type .

One product of the WR-ALC visit was an investigation of free-standing films based
on typical USAF OML paint schemes by FTIR transmission analysis (detailed in
Appendix E). The FTIR transmission analysis of the free-standing films proved that
insufficient MWIR is transmitted through the USAF OML paint schemes (refer to
Appendix E.3). This led to redirecting the USAF OML effort to a USAF inner mold line
(IML) at Oklahoma City Air Logistics Center (OC-ALC) and the feasibility of using the
KC-135 IML and B-52 IML as candidate aircraft for IRRIT inspection.

In addition to the films studied following the WR-ALC visit, other films were
identified for future investigation. This appendix details the results of that follow-on
investigation. ESTCP provided additional funding for this supplemental effort.

L.1.2 Selected Coatings

Table L-1, below, illustrates new coating systems that were tested with the IRRIT
following the submittal of the final report. Table 2-3 in the main body includes the
original list of examined coating systems and their performance, while Appendix B lists
some of the coatings identified for future investigation. Associated discussion about the
general performance of MWIR (3-5 micrometers) with respect to typical organic coatings
is found in Section 2.4.2 of the main body.
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The coatings listed in Table L-1 were selected because they represent coatings that
generate substantial waste material when removed, and thus a maintenance scenario
based on IRRIT can generate substantial pollution reduction benefits. These coatings
were also selected because they demonstrate the utility of IRRIT, and thus aid in the
transfer of IRRIT technology into service.

The APC or ELT version of MIL-PRF-85285 was selected for this study because
these topcoats are currently used on USAF aircraft. The APC coatings are widely used
OML coatings and thus produce a large quantity of waste when stripped. Demonstrating
that IRRIT can effectively see through APC coatings would greatly expand the
applications for which IRRIT may be applied. Figure L-1, below, shows the potential
pollution savings accrued by being able to expand IRRIT use beyond those coatings
previously identified as compatible to include OML APCs.

USAF Total Active Inventory Environmental and Cost Savings
(15 Year Savings)

1,000,000,000 -

100,000,000 -

10,000,000

1,000,000

$56,320,111

2,239,956 b

#
=
e
o3
'.““'\
=
=)
wy

9,484 lbs

Cost
$56,320,111
$329,701 637

Figure L-1: Potential Savings Accrued from Demonstrating APC Compatibility

NAVAIR is currently evaluating COTS low temperature cure powder coatings for
aerospace applications and requested that IRRIT’s performance against such powder
coatings be assessed. Should the powder coatings be accepted and IRRIT able to view
through the coatings, this would offer an additional expansion in IRRIT applications.

The anti-chafe coating was examined because of its widespread use in aerospace
applications.
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Table L-1: Additional Paint and Coating Systems Tested with IRRIT

q . Color # (FED- Thickness .
Type Manufacturer Specification STD-595) Part # (mils) Section
MIL-C-85054B Type I NSN: 8030-01- N/A*
SO SURE® Class 134A N/A 347-0979 L.21
LEKTRO-TECH, MIL-L-87177A Type I N/A NSN: 6850-01- N/A* L22
Inc. Grade B 328-3617 o
cpe MIL-C-81309E Type IT NSN: 8030-00 N/A*
C- y . -00-
SO SURE® Class 2 Grade 134A NA 938-1947 L23
. NSN: 9150-00- N/A*
LHB Industries MIL-PRF-32033 N/A 458-0075 L24
Rain Erosion LORD Lord M 1433 (MIL-C- N/A NSN: 8010-01- ~20 L25
Coating Corporation 85322) 054-7228 -
Powder Coat Crosslink N/A Gloss White 6191-61003 32 L2.6
Powders, Inc.
1.34
Gloss Gray
16440 03-TY-400 2.82 L.2.7
4.34
Self-Priming Flat Light Gray 1.84
Topcoat Deft TT-P-2756 Type I 36375 03-GY-369 L2838
Flat Dark Gray
36118 03-GY-381 L.2.9
1.44
Flat Medium
Gray 36173 99-GY-001 2.88 L.2.10
4.84
APC 1.66
Polyurethane Deft MIL-PRF-85285 Type I Flat ?g‘lﬂl‘gGray 99-GY-13 L2.11
Topcoat
. 1.84
Flat Light Gray
36375 99-GY-003 2.76 L.2.12
5.22
Anti-Chafe P
S hate PRC-DeSoto N/A Light Flat Gray N/A 21 L2.13
Coating 21

Green Shading = IRRIT had success with this thickness of coating

Red Shading = IRRIT had no success with this thickness of coating

*The CPCs had no measured thickness; it was evaluated while on 2.8-mil polyethylene.

**This anti-chafe coating had an additional “Post-It” note sheet between the test standard and camera.

L.2 COATINGS RESULTS

In Sections L.2.1 through L.2.13, two forms of results are presented: plots of the
percentage of IR light transmission through a freestanding film of the specified coating in
the range of 3-5 micrometers and, in some cases, IRRIT images were taken of
freestanding films suspended partly in front of a standard U.S. Air Force glass resolution
target. Such a target is shown without an obscuring coating in Figure L-2.
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Figure L-2: IRRIT Image of a USAF Glass Resolution Calibration Target.

L.2.1 SO SURE® MIL-C-85054B Type I Class 134A CPC

FTIR Transmission
MIL-C-35054 Corrosion Preventative Compound

100
—se— FPolyethwlene @ 2.8 mils
M IL-C-85054 on Folyethylene

% Transmission

O T W T T T
25 30 35 4.0 4.5 50 55
Wavelength (micrometers)

Figure L-3: FTIR Transmission Through SO SURE® MIL-C-85054B Type I
Class 134A CPC on 2.8 Mils Polyethylene, and 2.8 Mils Polyethylene Baseline
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L.2.2 LEKTRO-TECH, Inc. MIL-L-87177A Type I Grade B CPC

FTIR Transmission
MIL-L-87177 Corrosion Preventative Compound

100
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Figure L-4: FTIR Transmission Through LEKTRO-TECH, Inc. MIL-L-
87177A Type I Grade B CPC on 2.8 Mils Polyethylene, and 2.8 Mils Polyethylene
Baseline

L.2.3 SO SURE® MIL-C-81309E Type II Class 2 Grade 134A CPC

FTIR Transmission
MIL-C-81309 Corrosion Preventative Compound

—— Polyethylene @ 2.8 mils
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Figure L-5: FTIR Transmission Through SO SURE® MIL-C-81309E Type I1
Class 2 Grade 134A CPC on 2.8 Mils Polyethylene, and 2.8 Mils Polyethylene
Baseline
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L.2.4 LHB Industries MIL-PRF-32033 CPC

FTIR Transmission
MIL-PRF-32033 Corrosion Preventative Compound
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Figure L-6: FTIR Transmission Through LHB Industries MIL-PRF-32033
CPC on 2.8 Mils Polyethylene, and 2.8 Mils Polyethylene Baseline

L.2.5 LORD Corporation Lord M 1433 (MIL-C-85322) Rain Erosion Coating

FTIR Transmission
Lord M1433

12

—e— Lord M1433 @ ~20 mils
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Figure L-7: FTIR Transmission Through LORD Corporation Lord M 1433
(MIL-C-85322) Rain Erosion Coating
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Figure L-8: IRRIT Image of Target Through ~20-mil Lord M 1433 Rain
Erosion Coating

L.2.6 Crosslink Powders, Inc., Low Temperature Cure Powder Coat

FTIR Transmission
Powder Coat
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Figure L-9: FTIR Transmission Through 5.2-mil Crosslink Powders, Inc.,
Powder Coat, Gloss White
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Figure L-10: IRRIT Image of Target Through 5.2-mil Crosslink Powders, Inc.,
Powder Coat, Gloss White

.

Visible Image — Powder Coated

stitched together. The Feason for the 3 stitched inages
wversus 1 image is due to the application method in
which the powder coat was applied, which vielded a
conting that produces severe “orange pecling”.
Traditionally pawder caat ix applicd via electrostatic
spraying, but the coating on this sample was applicd
by melling the powder anto the substrate. Applying
the coating with this method gives a very uneven

surlface (sévere “orange peeling”), which when viewed
in the IR produced glare. Due io this glare, images
were Laken al a distance closer than usual. However,
these images do prove that the IRRIT can image
threiugh the coatiag.

This image consists of 3 IRKIT images that were

Powder Coat Thickness = ~9-11 mils

Figure L-11: IRRIT images surface in high detail under thick powder coat
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L.2.7 Deft TT-P-2756 Type I Self Priming Top Coat, Gloss Gray

FTIR Transmission
TT-P-2756 Color # 16440
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Figure L-12: FTIR Transmission Through Deft TT-P-2756 Type I Self Priming
Top Coat, Gloss Gray
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Figure L-13: IRRIT Image of Target Through 1.34-mil Deft Self-Priming
Topcoat, Gloss Gray
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Figure L-14: IRRIT Image of Target Through 2.82-mil Deft Self-Priming
Topcoat, Gloss Gray

Figure L-15: IRRIT Image of Target Through 4.34-mil Deft Self-Priming
Topcoat, Gloss Gray



L.2.8 Deft TT-P-2756 Type I Self Priming Top Coat, Flat Light Gray 36375

FTIR Transmission
TT-P-2756 Color # 36375
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Figure L-16: FTIR Transmission Through Deft TT-P-2756 Type I Self Priming
Top Coat, Flat Light Gray 36375

Figure L-17: IRRIT Image of Target Through 1.84-mil Deft Self-Priming
Topcoat, Flat Light Gray
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Figure L-18: IRRIT Image of Target Through 3.30-mil Deft Self-Priming
Topcoat, Flat Light Gray
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Figure L-19: IRRIT Image of Target Through 4.96-mil Deft Self-Priming
Topcoat, Flat Light Gray
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L.2.9 Deft TT-P-2756 Type I Self Priming Top Coat, Flat Dark Gray 36118

FTIR Transmission
TT-P-2756 Color # 36118
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Figure L-20: FTIR Transmission Through Deft TT-P-2756 Type I Self Priming
Top Coat, Flat Dark Gray 36118

Figure L-21: IRRIT Image of Target Through 1.62-mil Deft APC Topcoat,
Flat Dark Gray
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Figure L-22: IRRIT Image of Target Through 2.92-mil Deft APC Topcoat,
Flat Dark Gray

Figure L-23: IRRIT Image of Target Through 4.74-mil Deft APC Topcoat,
Flat Dark Gray



L.2.10 Deft APC Topcoat, MIL-PRF-85285 Type I, Flat Medium Gray 36173

FTIR Transmission
MIL-PRF-85285 APC Color # 36173
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Figure L-24: FTIR Transmission through Deft APC Topcoat, MIL-PRF-85285
Type I, Flat Medium Gray 36173
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Figure L-25: IRRIT Image of Target Through 1.44-mil Deft APC Topcoat,
Flat Medium Gray
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Figure L-26: IRRIT Image of Target Through 2.88-mil Deft APC Topcoat,
Flat Medium Gray

Figure L-27: IRRIT Image of Target Through 4.84-mil Deft APC Topcoat,
Flat Medium Gray



L.2.11 Deft APC Topcoat, MIL-PRF-85285 Type I, Flat Dark Gray 36118

FTIR Transmission
MIL-PRF-85285 APC Color # 36118
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Figure L-28: FTIR Transmission through Deft APC Topcoat, MIL-PRF-85285
Type I, Flat Dark Gray 36118
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Figure L-29: IRRIT Image of Target Through 1.66-mil Deft APC Topcoat,
Flat Dark Gray
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Figure L-30: IRRIT Image of Target Through 2.66-mil Deft APC Topcoat,
Flat Dark Gray

Figure L-31: IRRIT Image of Target Through 1.66-mil Deft APC Topcoat,
Flat Dark Gray
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L.2.12 Deft APC Topcoat, MIL-PRF-85285 Type I, Flat Light Gray 36375

FTIR Transmission
MIL-PRF-85285 APC Color # 36375
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Figure L-32: FTIR Transmission Through Deft APC Topcoat, MIL-PRF-
85285 Type I, Flat Gray 36375

Figure L-33: IRRIT Image of Target Through 1.84-mil Deft APC Topcoat,
Flat Light Gray
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Figure L-34: IRRIT Image of Target Through 2.76-mil Deft APC Topcoat,
Flat Light Gray. Note Diagonal Wrinkle in Film.

Figure L-35: IRRIT Image of Target Through 5.22-mil Deft APC Topcoat,
Flat Light Gray

L-21



L.2.13 PRC-DeSoto CA8110 Anti-Chafe Coating, Flat Light Gray

FTIR Transmission
PRC-DeSoto CA8110
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Figure L-36: FTIR Transmission PRC-DeSoto Anti-Chafe Coating, Flat Light
Gray

Figure L-37: IRRIT Image of Target Through 1.62-mil PRC-DeSoto Anti-
Chafe Coating, Flat Light Gray (Lower Right) and PostIt"™ Note (Top)
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Figure L-38: IRRIT Image of Target Through 2.1-mil PRC-DeSoto Anti-Chafe
Coating, Flat Light Gray

Figure L-39: IRRIT Image of Target Through 2.1-mil PRC-DeSoto Anti-Chafe
Coating, Flat Light Gray (Lower Right) and PostIt"™ (Top)
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L.3 CONCLUSIONS

Based on the data acquired from the free-standing films (both the IR transmission
scans and the IRRIT images), it has been concluded that the IRRIT system had success in
imaging through all of the coatings tested when applied to the proper military
specification thickness (i.e., 1.7 to 2.3 mils for MIL-PRF-85285 Type I). These coatings
include the following:

e (Corrosion Preventative Compound (CPC), SO SURE® MIL-C-85054B
Type I Class 134A

CPC, LEKTRO-TECH, Inc., MIL-L-87177A Type I Grade B

CPC, SO SURE®, MIL-C-81309E Type II Class 2 Grade 134A

CPC, LHB Industries, MIL-PRF-32033

Rain Erosion Coating, LORD Corporation, Lord M 1433 (MIL-C-85322)
Low Temperature Cure Powder Coat, Crosslink Powder Coatings, Inc.
Self-Priming Topcoat, Deft TT-P-2756 Type I (3 colors)

Advanced Polyurethane Coating (APC), Polyurethane Topcoat, Deft, MIL-
PRF-85285 Type I (3 colors)

e Anti-Chafe Coating, PRC-DeSoto

However, on USAF aircraft the thickness of the APC’s (or ELT’s) were sometimes
seen in the range of 2-3 times the proper military specification thickness (based on
coating thickness measurements that were obtained at WR-ALC and OC-ALC).
Therefore, in scenarios where the coating thickness is above the proper military
specification thickness, the IRRIT system compatibility must be evaluated on a case-by-
case basis. In the case of APC Color # 36173 and APC Color # 36375, the IRRIT system
had success in imaging a thickness of up to 5 mils. Although, the darkest of the APC’s
tested, Color # 36118 only showed success up to 2.66 mils. The IR transmission data
illustrates that the thicker and darker coatings do not allow high percentages of MWIR to
transmit through them, these same coatings also when imaged with the IRRIT system act
as filters, sometimes blocking either all or a large percentage of the MWIR. It should also
be noted that the coatings tested were in the form of free-standing films. In the case of the
APC’s or ELT’s which require a primer, the addition of the primer would lower the
percentage of the MWIR transmission.

In conclusion, this appendix illustrates that the IRRIT system could be used for
inspecting aircraft that utilize these specific coatings when applied to the proper military
specification. In this scenario, the IRRIT system stands to offer a substantial amount of
pollution reduction.





