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INTRODUCTION

Leading governma laboratories, universities and aerospace manufacturers were invited to
contribute summaries tiieir recent aeronautical fatigue research activities. This report costaiasl
of those contributions. Inquiries regarding a particular article shmubtidressdto the person whose
name accompanies that article. The generous contrisati@achparticipatingorganization is hereby

gratefully acknowledged.

Government

1 FAA

1 NASAT JohrsonSpace Center

1 USAF Air Combat Command

1 USAF Air Mobility Command

1 USAF ASC/EN

1 USAF A-10 ASIP

1 USAF G17 SPO

1 USAF F16 SPO

1 USAF F22 SPO

1 USAF Life Cycle Management Center

1 USAFROC-ALC

1 USAFROO-ALC

I USAF Research LaboratoryAerospace Systeniirectorate
1 USAF Research LaboratoryMaterials and Manufacturing Directorate
1 USAFSAF/AQX

1 USAFRWR-ALC

T USN-NAVAIR

M United States Forest Service

Academia

1 University of Dayton Research Institute

1 University of Virginia

1 USAF Academyi CAStILE

1 Wichita State University Department of Aerospace Engineering
1 Wichita State University NIAR

Indudry

=8 =4 =8 -8 -8 -8 88999

Alcoa Defense

ATA Engineering

Battelle Memorial Labs
Computational Tooldnc.
CurtissWright Avionics & Electronics
Elder Research

Engineering Software Research & Development, Inc.
Etegent Technologies

Fatigue Technology, Inc.

Hill Engineering, LLC

JENTEK Sensors, Inc.
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Jacobs ESC Group

LambdaTechnologies

Legacy Engineering

Lockheed MartirCorporation

Mercer Engineering Research Center (MERC)
MSC

NexOne, Inc.

Northrop Grumman Corporation

QUEST Integrated, Inc.

SAFE Incorporated

Science Applications Ietnational Corporation
Sthire

Southwest Research Institute

Spirit AeroSystems, Inc.

The Boeing Companiy 787 Program

The Boeing Companly Commercial Airplanes
The Boeing Companly Defense, Space & Security
The Boeing Companiy F-15 Program

The Boeing Compay i P-8A Program

The Boeing Companly Research & echnology
The Boeing Companly Test & Evaluation

Tom Brussat Engineering, LLC

TRI/Austin, Inc.

R e I e R R I B B R |

References, if any, are listed at the end of each article. Figures and tablesgaated into the textfo
each article

The assistance of Jim Rudd a@am KearneyUniversal Technology Corporation, in the preparation of
this report is greatly appreciated.

One of the goals of the United States Air Force is to reduce the maintenance burden of exiftingeand
weapon systems by eliminating programmed repair cycles. In order to achieve this goal, superior
technology, infrastructure and tools are required to only bring down systems when they must be repaired
or upgraded in order to preserve safety ancttffeness. This requires a conditibasedmaintenance
capability utilizing structural integrity concepts (CBM+SI). Knowledge is required forEoyhasis

Areas: 1) Damage State Awareness, 2) Usage, 3) Structural Analyd#y Structural Modificatios

(Figure 9.11). The following ninel'echnology Focus Arease identified to provide this knowledge: 1)
Non-Destructive Inspection/Evaluatip) Structural Health Monitoring3) Structural Teardown
Assessmenid)) Loads and Environment CharacterizatiSpCharacterization, Modeling and Testing

6) Prognostics and Risk Analysig) Life Enhancement Concepi® Repair Concepiand 9)

Replacement Concept3he aeronautical fatigue research activities of this report have been categorized
into these nindechnology Focus Areas pl us a tenth category titled
more of the nine Technology Focus Areas

i O



State Awareness

3. Structural
Teardown
Assessments _

| Jestl 4. Loads \#Vg =
nspection & Environment )/~
Evaluation

—

Characterization

6. Prognostics

& Risk Analysis

5. Characterization,
9. Replacement Modeling

Concepts . . - & Testing

7. Life
Enhancement

Structural 5 Structura| e
Modifications : i Analysis g

Legend: @P Emphasis Area Il Technology Focus Area

Figure 9.1-1. Condition Based Maintenancet Structural Integrity (CBM+SI)
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9.2.

NON-DESTRUCTIVE INSPECTION/EVALU ATION

9.2.1. GMR System and Sensor Optimization for Crack Detection in Thick and/or MultiLayer

Structure

Donald Palmer, Jr., The Boeing Company Research & Technology; Nancy Wood, The Boeing
Companyi Defense, Space & Security; and CharlesiBnak, USAF Research Laboratoryi

Materials & Manufacturing Directorate

Detection of cracks in aging aircraft continues to be a major concern from a structural integrity
standpoint This is especially the case for thicker structure, where manual nardegtinspection

methods are frequently use@ften times, these manual methods require the removal of fasteners or

partial disassembly in order to gain access to perform the inspection to a reasonable level of reliability
TheBoeingCompanyhas beennvolved with theUnited Stated\ir Force relative tahe development of
giant magnetoresistive (GMR) sensor arrays for nondestructive evaluation applications for more than a
decade These sensors have shown to be beneficial for applications that thewetection of flaws in
thick and/or multilayer structuré¢Figure 9.21). In 2009, a prototype GMR scanning system was

developed and delivered to tbmited Stated\ir Force for evaluationBased on a favorable evaluation,
O optimize

additional developmentensuedn or der t

t he

for integration into programmed depot maintenance (PDM) operatidns technical efforincludes data
collected on standards that show GMR sensor response as a function ostharkthélaw sizéFigure

9.2-2). Also included are discussions on (1) system optimization measures taken to improve data
interpretation(Figure 9.23) and (2) efforts to optimize GMR sensor array configurations in order to
minimize scanning necessary foaximum coverageln addition, validation results collected from in

splice areasare included

Alternating
Layers of
Magnetic a
Non-magnetic
Materials

Sheet
Currents

law

GMR Sensors

« Field detected directly
« Signal ~ f

* 500x more sensitive

» Larger area excitation
* Deeper penetration

Eddy
Currents

Induction

AC Coils

Secondary
magnetic
field

Flaw

Eddy Current Probes

* Field derivative detected
* Signal ~ 2
* Circular symmetry

Figure 9.2-1. Magnetoresistive Sensors vs. Eddy Current Probes

protot

ype

a
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Signal vs Notch Size through 0.350" Aluminum

70 }" 7
__ 60 6 ¢ MR Sensor
%50 I 5% m ET Encircling Coil
g ncircling Coi
= 40 4 2 o
i ©
5 30 3 & —Linear (ET Encircling
@ , @ Coil )
% E —— Linear (MR Sensor)
10 1
0 I/ | ‘ 0

0.000 0.100 0.200 0.300
Notch Size (inches)

Figure 9.2-2. Quantitative Comparison Through Thick Aluminum

Field positive

—/_\ Positive Field

Field negative

Small crack

. Change in
Field positive e
4’/\ , L due to
Positive Field / ' presence of
small crack

Fastener hole

—\//-/ Negative Field
_—

Field negative

Large crack

Field positive
Change in

response due to
presence of
large crack (note
increase in
intensity)

Positive Fiel

M Negative Field
r hole

Field negative

Figure 9.2-3. Magnetoresistive Sensor Image Interpretation Near Fasteners
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9.2.2. POD Studies for Embedded Eddy Current Sensors

Neil Goldfine, Yanko Sheiretov, David Grundy, and David Jabonski, JENTEK Sensors, Inc.; Floyd
Spencer, Sfhire; Dennis Kere, USAFWR-ALC,; and Tiffany LeMasters, Lockheed Martin
Corporation

Nondestructive Inspection (NDI) for difficutb-access locations, such as in fuel tanks and under
repairs, is costly, impacts amft availability, and can introduce collateral damage from disassembly
needed to gain access for inspections. Embedded eddy current testing (ET) methods, such as-the MWM
Array by JENTEK (Figure 9-2), have been successfully demonstrated in hundredsipba tests and
several fullscale tests. Recently, costs for implementation of targeted solutions have come down by an
order of magnitude, making these methods practical in thetewar However, to implement embedded
ET as a replacement for NDI, reqeinents must be supported by an equivalent performance evaluation
and associated confidence to enable integration with ASIP practices. Also, durability and reliability must
be demonstrated in fuel tanks and other harsh environments that can benefitdmpptbach; and to
justify deployment, the costs and benefits must be defined and proven. This technical effort focuses on the
results of a recently completed ASIPLE funded environmental studyable 9.21), previousdurability
studies (Figure 9:-8), and a complementary Air Force Phase Il SBIR Program directed at temexa
POD curves (Figure 9:8) for embedded MWMRosette edy current sensors (Figure 972 for
inspection of holes, with a focus orlb and other Air Force platforms.

MWM-Array FA47

MWM-Array FA73

MWM-Array FA120
MWM-Array FA65

—%

Figure 9.2-4. Example Linear MWM -Arrays
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Table 9.21. Environmental Test Results Summary

Test Format Duration Survive?
JP-5 Fuel Sealed with Cable 17.5 days Yes
inmersion Sealed 35 days Yes

Other sleeving materials 35 days Yes
SaltFog Sealed 200, 300, 400, 500 hrs Yes
EXposure g aled with Cable 500 hrs Yes

Bare leads 200 hrs Yes

Bare Connector 100 hrs Yes
Cleaning Bare, MEK % day Yes
Filild Bare, DS-108 % day Yes
Hydraulic Bare, Royco 782 7 days Yes
Fluid

= All sensors passed all environmental tests without any
noticeable change in their electrical characteristics

N Bl o Al

Embedded
MWM-Array Sensors

10-Hole Specimen with
MWM-Array Networks

JENTEK
Impedance
Instruments

MWM-Array FA45

MWM-Array
Probes

Laptop w/

GridStation
Software Controls
Both Instruments

Figure 9.2-5. Durability Testing: Previous Results for Multi-Site Fatigue Testing
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= Phase | data limited to 2 flaws
by est. = 3.920, o, est. = 0.400, and o, est. = 0.0082

1
0. ago = 0,016 in. agy = 0.d22 in.
- How many
s /1] coupon

: / / tests do we
0.6 / / need?
0.5
g [
0.3 / / 390,95
02 / / # of Sensor-Flaw Combinations 3 5 10

: / / —  Detection Threshold =105 = | 0.0306 | 00193 | 0.0173
0.1 J —  Detection Threshold=107 = | 00426 | 00265 | 0.0236

0 | ! |

0 0.01 0.02 0.03 0.04

delta flaw size (inch)

Figure 9.2-6. First POD Curves for Embedded Eddy Current Sensors Using Phase | Coupon Data
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C W2 A

5 ‘,ﬁ s

MWM-Rosette

MWM-Arrays FA138, FA140

{

System and MWM-Array Sensor Mux Network

(': ] & K~

o AR Rl LA 45 Ptz ihutent Semars Y N

MWM-Array FA80

mpullncr
Tnstrument

llhumulw

'
X |h

Tuterface J‘ A \ .,
¥ i S -5 "

Figure 9.2-7. Example MWM -Rosettes & Integrated Solutions

9.2.3. Multi -Modal Material Property Measurements in TE6AI-4V Using Field Portable XRD and
Optical Strain Measurement Methods

Trey Gordon, Robert Weiss, Kevin McCrary, Jim Pillers and Richard Bossi, The Boeing Company
T Research & Technology

There has been an increasing demand for field asseissfmaaterial state condition and
guantifying the effects of fatigue on the remaining useful life of structural components. Of particular
interest are the characterization of the residual stress throughout a sisliftucgcle as well aghereat
time measurement of strain levels ove3@ surface of the structureX-ray diffraction is a traditional
technique for measuring residual stress and it is commonly performed on relatively small samples in a
laboratory setting. Portable, commercial systerasaiwv available that performray diffraction residual
testing in the field for structures of complex geomettiégure 9.28). This type of a system was
optimized and used for the-BAI-4V samples in this studiFigure 9.29). With the advent of high
resolution, affordable digital cameras and computer systems, optical strain measurements using digital
image correlation have become routine to measure strain over an entire part surface, not just at discreet
locations as with strain gages. These systmmportable as well, and can be set up at a fatigue test
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facility and can be used to dynamically measurethesa i n | e v e | FBhisteahnicAleflora | t i me .
describeghe integratiorof these two methods (XRR)pplied to ali-6Al-4V sample load anthtigue

test. XRD was used at the end of each fatigue cycle and the stain levels were measured optically during
the cycling. The XRD results showed a decrease in residual stresgFigld® 9.210) during the

testing and the optical measurements shibgi®nges in strain levels during the cycling and at part

failure.

Frames

Figure 9.2-8. Titanium Airframe Application
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Two Titanium Ti-6Al-4V Cantilevers

— Designed to achieve the same stress levels as
airframe

— C-26 ...peened from beginning

— C-27 ...fatigued first for 3 cycles, then peened

Measurements
— X-Ray Diffraction baseline measured

— Pre peening
— Post peening
— After each fatigue cycle block

Before

— Strain measured with optical image correlation
(ARAMIS)

— During each block on test frame

Time of Failure
— C-26: Broke during 16th block

— C-27: Broke during 8t block

Figure 9.2-9. Evaluation of Two Titanium Samples

Residual Stress Average (7pts) Across Cantilever C-26
at three distanc es from edge (8, 9, 10 mm)

E & 3mm

=

" ®» 9mm

w

= 10mm:

w

= s P 0]y, (B
2 o / Poly. (10mm)
£ = s P02y, (BT

0 2 4 ] 8 10 12 14

Hock number

Figure 9.2-10. Successful Measurement of Residuabtress Collapse Throughout Fatigue Test
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9.2.4. Aircraft Management and Sustainment Using NDI Data Trending and Mapping
Technologies

Gary Steffes, Joshua Shearer, and Steverufiek, USAF Research Laboratoy i Materials &
Manufacturing Directorate; Ward Fong, USAF-OO-ALC; and Thomas Sharp and Gary Cayan,
Etegent Technologies

Nondestructive Inspection (NDI) methods, procedures, and enabling technologies are being used
increasingly to detect flaws and defeictsheUnited State®\i r For ceds agi fhgseai rcr af
techniques have become essential to help assure structural and functional integrity, safety, and cost
effective sustainment of Air Force systems, during both initial manufacture and opalragrvice
Advances in NDI technology and an increased reliance on NDI methods havedrésaltdata explosion,
but these digital data abeing generated without systems in place to manage and archive the collected
information In many cases, thigluable NDI information is lost between the inspectors that collect the
data and the engineers that manage the weapons sy#emart of the NDI Digital Thread fdhe
Aircraft Production and Sustairent Rogram, a prototype system previously develdpecbllect,
archive, and map NDI data will be integrated into engineering processes to provide a seamless method for
actively managing aircraft systemshis technical activitywill provide the details on a software system
called NLign, which has the cabilities to collect, organize (by aligning to CAD models) and analyze
fleet NDI data(Figures 9.211 through 9.21.3). These capabilities provide engineering functions with
effective methods for fleet trending, improving disposition processes by prodicingate damage
location to easy access to historical dispositions, and process control during assetThpdosus of
thistechnical activitywill be on the development and integration of the NLign software into Air Force
depot processes, and apptions of the software will also be provided.

Organize Archive Analyze
/Computed Radiography\ / \
(2D) :
C-Scan UT Reporting

(2D) Coverage Analysis

Shearography Trending
(2D) Archive I > Comparison

Real-time Radiography ANSYS Export hird
) NASTRAN Export [ TG Pafty
Xpo analysis
C-Scan UT CATIA Export Tools
(3D)
Digital Photographs \ /

(3D)

Eddy Current
(3D)

Eddy Current
(Point) . .

\ Store datain a Extensible/Extendable
searchable set of analysis,
database reporting and

visualization tools

Figure 9.2-11. NLign System Overview
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Image To Be Reference
Aligned Image

Correlation Based
Image Registration

v

Apply Reference
Alignment

| Multiple Aligned
Images

* Provide real time
insight into area
coverage

* Highlight areas of
missing data

e Streamline production
and maintenance
practices

Figure 9.213. Analysisi Coverage Verification
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9.2.5. Results of GMR Sensing Array Technique Study for the Inspection of Multlayer Metallic
Structures

Doyle Motes, David Forsyth, Mark Keiser, and Michael Mazurek, TRI/Austin, Inc.; Gary Steffes,
USAF Research Laboratoryi Materials & Manufacturing Directorate; John Aldrin,
Computational Tools, Inc.; and Floyd Spenser, Sfhire

Recently, eddy current sensors incorporating Giant Magnetoresistive (GMR) linear sensing arrays
have been developed to detect fatigue cracks in thick,-faydired metallic aircraft structurésigure
9.2-14). The successful deployment of these would siggutly reduce depot inspection times over
present matour intensive methods; minimize unnecessary component disassembly, repair, and/or
premature airframe retiremen$everal GMR modeling efforts have been conducted, and small scale
experiments have ba completed with specimens containing EDM notches, but larger scale validation
studies have not yet been performég part of the GMR sensor validation gram being conducted by
the United StateAir Force Research Laboratory, several large sets diguoable fatigue crack
specimens were fabricated in different thicknesses to provide a wide range of inspection targets for
candidate sensarg hese specimens were mounted to a large assembly frame, simulating an aircraft wing
structure, and inspectedius g a GMR sensor deployed on Boeingos
(Figure 9.215). Probability of Detection (POD) data from the inspections examining such variables as
detection depth and the effects of fastener material are presémtadtlition, nechanisms developed to
address specimen edge effects, fastener magnetization, and signal from one crack seen in adjacent holes is
addresseFigure 9.216). Finally, a mockup of a splicing plate was built, scanned, amé& @D analysis
are discussed

Induction

Coils NSNS N\ _ SN

AC L7 e ]
Alternating Layers of
Primary magnetic Magnetic and Non-

field magnetic Materials

Eddy
Currents Secondary

magnetic field

Crack
Crack

Eddy Current Probes Boeing GMR GMR Sensor
MAUS uses a i i
¢ Field derivative detected Sheet : ?ie:]da:iftf?:r:d dlireetly
e Signal ~ field? Current Source g

¢ More sensitive than ET

e Circular symmetry # DEEpEF penstition

Figure 9.2-14. Eddy Current Probes vs. GMR Sensors

N
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Purpose: Provide AFRL with fatigue cracked specimens and POD data to evaluate
a GMR array on a MAUS unit (inspection target is WS 360 on the KC-135)

Thick, complicated wing structures are time
consuming and difficult to inspect by hand

GMR Sensor Array

KC-135 WS 360 MR MAUS scan results from

Boeing MAUS unit with
Boeing MR MAUS Review —11/3/2010

GMR hardware

Figure 9.2-15. Purpose of Study

Positive field Fastener hole Positive field
Response from
presence of
- large crack
(note increase
in intensity)

Negative field

Negative field Large notch

Fastener hole Ppositive field

—

Positive field
Response from
presence of
small crack

Negative field
Small notch

Negative field

Positive field

Fastener hole Positive field

—

Negative field
Negative field

Figure 9.2-16. GMR Interpretation Near Fastener Sites
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9.2.6. Challenges and Lessons From Conformal Eddy Current Probe Acquisition and
Implementation

Kimberli Jones, Bryce Harris and Jacklyn Killian, USAF-OO-ALC

The latest revision of the Nondestructive Inspection (NDI) Capability Guidelines for United
States Air ForcUSAF) Aircraft Structures (ENSB-08-012 Rev B) further defines the recommended
NDI flaw size capabilies for computing the reinspection intervals for structures managed by the USAF
Aircraft Structural Integrity Program (ASIPUJSAF aircraft are expected to be in full compliance with
this structures bulletin; a presentation at the 2009 ASIP Confererailedéte initial impacts to the-£6
(Figure 9.217), while a more recent document from the 2012 Aircraft Airworthiness and Sustainment
Conference described the motivation and efforts to be compliant with the structures.butetioriginal
version ofEN-SB-08-012 was released in October 2008; alnfiost years later, significant advances
have been made towards selecting and/or designing appropriate conformal eddy current probes for an F
16 NDI probe kit to be used in the figldigures 9.218 and 9.219), as well as planning how kits will be
procured, inspector training accomplished and technical orders upddtedocus of the technical
activity will be on the F16 ASIP efforts to stocklist, fund, purchase, and field the new conformal eddy
current pobe kits in order to be in compliance with the latest USAF NDI structures bulletimated
timelines for complete probe kinplementation will be providedThese efforts were not without
challenges, and the lessons learned by thé will be discussd for the benefit of other weapon systems.

Figure 9.217. F16 Aircraft
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SB-012 Rev. B specialty probes provide
better detection capability

0.250 2 T T I T T 0.150
] \\ EN-SB-08-012 capability of 0.25” ¥ 0130
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Figure 9.2-18. Upper Bulkhead Aft Vertical Stiffener Example

m Bull-Nose Differential Coil Probe (US-2472)
m Capability Comparison (aluminum structure edge)

\ —

Typical “Pencil Probe” Bull-Nose Probe
Freehand Scanning Capability 0.080”

Capability 0.250”

Figure 9.2-19. Probe Kit Details
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9.2.7. Enhanced MagneteOptical Imaging System for Fatigue Crack Inspection
Qingying (Jim) Hu and Phil Bondurant, QUEST Integrated, Inc.

QUEST Integratedl s M a-@Qputicelmaging (MOI) eddy current system is primarily a screening
tool used to rapidly detect cracks and defects in metallic aircraft skins. It is babed-araday E#ct
that describethechange in polarization frotmeinteraction of the magnetization of the material with
light propagating through the materidhen a crack exists, a vertical magnetic field will be generated
from the Acurl 0 ofthe tratleanceresdlty in local lightgalarizateom ahanges that
will be visible in the optical viewing systenMOIl combines the high sensitivity dieeddy current
technique anthefast measurement speed of optical visual inspection into one inspggdiem.

Benefits andeatures of Magnetoptic imaging include:

Sensitivityto flaws in any orientation

Realtime (30 frames/second) magnetic field image

Large visualization area (up to ~50 mm circle) for a single video frame

Imaging head can be movedany direction

Calibration not required

Minimal operator training required

Paint stripping or protective coating removal not required

Rapid reaktime inspection of large areas, tranglatl speeds of up 100 mm/second

E R N

Recently Robins Air Force Base ohé US Air Force has support@UEST Integratetb
enhance the MOI system$he new design maintains all the capability of the historical MOI models
(3087 and 308/ but with many improvements and additional featutegorovementof the new MOI+
modelover previous MOI products are:

1 Compact packagintipat is lightweight but supports a large ima@eOV) as shown in Figure 9:2

20 and9.2-21

1 An LCD displayonthe front panel of the controller in addition to an external mofRigure
9.2-20)

1 Larger fieldof view (FOV)that allows for more rivets to be inspected drgplayed on the video
screen

9 Assisted flaw detection (AFDyystem to assist the operators in identifying rivets with flaws by
marking them in the video stream to reduce operator @frgure9.2-20 and 9.22)

1 Higher quality imagethat reduce distortion and improve contrasth the capabilityof
eliminaing the serpentine domain lines present in the traditional MOl models (Fghg2)

1 An optionalportable displaynounted on the handldemager or alternatively on the wrist

(Figure 9.223).

Ability to operate at higher ambient temperatares restlof a number of design changes

Display-integrateduser interfacavith digital controlpanel and video out capability

Image processing capility i digital camerabased that allows for D and other upfront

processing

1 Flexible excitatiori allows excitation to be timed with image processing for imaglgancement

=A =4 =4



MOI+ scanner

\CE Enlarged image

Figure 9.2-20. MOI+ System

Figure 9.2-22. Enhanced Image Quality
without Domain Lines
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303 Model: 3.7Ibs,
= ~40 mm square FOV

X MOI+: 2.3 1bs,
»* .« »\=40 mm square FOV

Figure 9.2-21. Comparison of
Different M odels

Figure 9.2-23. Portable Display for
Instant View
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9.3. STRUCTURAL HEALTH MO NITORING

9.3.1. Demonstrating Capability Validation Protocol for In-Situ Damage Detection

Eric Lindgren and Charles Buynak, USAF Research Laboratoryi Materials & Manufacturing
Directorate; Enriqgue Medina, Science Applications International Corporation; and John Aldrin,
Computational Tools, Inc.

At the 2009 ASI P Conf er en c ehedefinitien ared outliheooftled pr e s
protocol for validating the capability for an-twmward damage detection system, frequently referred to as
in-situ nondestructive evaluation (NDE) or structural health monitoring (SHM), to generate a Probability
of Detection(POD) curve as part of the qualification process for such systems. A POD curve is required
if these systems are to be used in the assessment of ASIP managed strutiniesi@tates Air Force
(USAF) aircraft. The objective of the protocol is to defithhe process to quantitatively validate the
capability and reliability to enable the use of such systems in the managenensiictural integrity of
USAFaircraft. The irsitu damage detection capability and reliability assessment includes qumantifyi
false-positive potential and detection sensitivity variance caused by multiple factors including changes in
operation environment, material, or geometry, as well as system reliability over their expected useful life.

This technical effort addressegtlemonstration of the protocol to validate detection capability
of an insitu damage detection system on a representative aircraft structure. For this case study, the
capability of a vibationbased damage detection method is investigated. The teséfdesign provides
the capability to vary critical parameters of the system with a focus on force loading boundary conditions,
joint fastener torque conditions, and temperature (Figur&)9.3 he review of this demonstration
addresses the integrationedfternal factors that affect the sensitivity of the detection capability, including
variance in the structural configuration and other environmental factors, and how these factors can be
accommodated in the validation process. The approach leveragesipiefforts in the NDE community
to incorporate validated models to minimize the amount of empirical data, time, and cost to determine the
validated capability via a POD curve. The process and results for the POD evaluation-gittihe in
damage detectiosystem are presented in detail (Figures2%aBd 9.33). In addition, the demonstration
illustrates how this approach will minimize the degree otduallle testing required for obtaining
statistically meaningful damage detection assessment resultghek factor evaluated addresses
variance in the POD curve with respect to theito damage detection system degradation as a function
of time. Thus, the feasibility of using this approach to determine thoabpitity of detection and false
call rate § established and the necessary steps required to extend this practice beyond the demonstration
stage will be discussed. This addresses one of the obstacles for implemesitingliimage detection
techniques to meet the required ASIP inspection metniddaalitates its acceptance into USAsrcraft
maintenance practices.
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Guided Wave Signal from 0.1” EDM Notch Emanating

o Bou ndary Conditions from Fastener Hole in 3 x 0.125” thick layers**
— Stochastic instability
 Structural Variability e !
— From design, manufacturing, repair,
modification, maintenance, and usage With No Sealant or Fastened Bolts

 Environment = '
3 1
— Temperature, loads, etc. :

) Stru ctu ral Com plexity With Selant and Fastened Bolts

— Directly affects ability to reproducibly N 2
detect damage /

» Time variance in performance
— Includes durability

Figure 9.3-1. Factors That Need to B Considered

POD Results: Dependency on Flaw Location:
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Figure 9.3-2. POD Resultsi Sensitivity to Flaw Location
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Evaluation of Impact of Sensor Failure:
* Evaluate changes in POD due to random sensor failures over time
* Distributions of Time to Failure considered in evaluation

Results: Mean expected POD and POFC at a flaw size of

1.0” in as a function of time
Probability of Detection Probability of False Call

0.07

0.06 et A
09 1 —+— flaw2
0.05 —e— flaw3
0.85 {

08l 4 0.04

=1.0in
POFC

POD @ 2,

0.021-

06 [ Rl Yo 1 o
—e— flaw3 i
i 1 | . 1 <]
0

L hd s 1
1 2 3 4 5 6 0 1 2 3 4 5 6
time (years) time (years)

Figure 9.3-3. POD Resultsi Impact of Sensor Durability

9.3.2. Hot Spots Health Monitoring for F-22/F15 Applications
Mark Derriso, USAF Research Laboratoryi Aerospace SystemPBirectorate

Maintaining airworthiness in the presencesof r uct ur al hot spots i s a ma
Aircraft Structual Integrity Program. Thmandate to develop Sttural Health Mnagemet (SHM)
strategies that make eief more firsthand iformation and thus allow maimance actions to be
performed baed more on condition rather than schedule requires advances in technologies that allow
maintainers to insure structural performance that is both timely and cost effective.

Aircraft structur al component s mayofdamageis known
anticipated to occur or has consistently been observed in the fieldAifTiherce Research Laboratory
and the Boeing Comparnave partnered to develop engineering tools and technologies that enable
system level solutions to these problemaareAutomated inspgon of these locations, or hepot
monitoring, may offer significant time and cost savings for aircraft maintainers, particularly when the hot
spots exist in areas that are difficult to access or where transitiondestmictive ispection methods
will not work. The Hot Spot Structural Health Monitagi Progranseeks to develop a systems
engineering approach to the design and implementation of SHM solutistauittiuralhot spots. The
tools and technologies developed under phiggram are done so in the context of two specific exemplar
hot spot locations on theZ2 and F15 platformgFigures 9.2 through 9.38).
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Figure 9.3-4. Mil -Standard 810 Testing
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Figure 9.3-6. POD Results
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Figure 9.37. SHM Lug Specimen Validation
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Figure 9.3-8. Full-Scale Test Results

9.3.3. Efficient Ground-Based Calibration of F/A-18E Fatigue Tracking Strain Sensors

Curtis Rands, Joshua Davis and Kevin Napolitano, ATA Engineering; and Timothy Fallon, USN
NAVAIR

Strain sensors are a critical source of data in assessing the structural health difigiafér
such as the F/A8. These sensors, permanently attached to the airframe, are monitored throughout each
flight to quantify the loads experienced by the aircr@ftganizations responsible for tracking the
structural life of individual aircrafise the measured data to evaluate and aggregate the damage resulting
from all significant flight eventsHowever, considerable margin must be applied to these models to
account for variability in measurement sensitivity observed between aircraft udlesntors are
calibrated Variation in sensor performance may result from differences in sensor orientation and
positioning, inherent sensor Tdilayeadileratidnafdhe sensereétp an d
eliminate this uncertainty mube accomplished via a static test in an airframe test rig or through
execution of prescribed flight maneuvers; the former involving significant cost and the latter achieving
only limited accuracy

Thistechnical activitydescribes a portable system afficient method developed to perform
groundbased calibration of the strain sensors on thel8B aircraft(Figure 9.39). Design,
manufacture, and testing of a prototype system were funded by a Phase 1l SBIR program sponsored by
NAVAIR . The approach as first demonstrated through analytic simulation and testing on scale aircraft
models before being implemented on Navy fleet airctdfiused in a portable cart, the prototype
calibration system includes data acquisition hardware and force applicatbamisns that are

automated through a software user interfddey appl yi ng and measuring a for
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wings and empennage surfaces while monitoring structurally relevant strain sensors at these structures,
the system mechanically @eiines the sensitivity factor for each senskine derived sensitivity factors

can then be used to adjust fligheasured sensor data and improve the accuracy of the downstream
structural life estimation modeldJltimately, the calibration process igémded to better inform

maintenance decision makers, avoid unnecessary component repair/replacement, and reduce aircraft
downtime while maintaining aircraft structural integrity

Vertical loading through
electromechanically-
actuated mast
Non-vertical loading
uses additional adapter
and actuator hardware

Ground-based sensor
calibration: known force
applied to aircraft

Load application hardware
and sensor conditioning /
data acquisition system
housed on mobile cart

Intercepts aircraft strain
sensor signals at an
interconnect point and
provides independent
excitation and signal

measurement ;
Purpose-built adapters

interface with aircraft
hardpoints

e Automated operation by
software GUI

Figure 9.39. FlashCal™ System Provides Portable and Efficient Alternatve Calibration Method

Thistechnical activitydiscusses a demonstration test program utilizing the system to calibrate the
sensors on a series of FABE aircraft at the Navy Fleet Readiness Center Southwastefficient use
of point loads at strategicocat i ons whil e monitoring the sensors
electromechanical actuator and loading by hydraulic aircraft maintenance jacks (to achieve a higher
applied force) to obtain calibration values are discusSéain sensors are locdtat the wing root, wing
fold, horizontal stabilator, and vertical stabilifEigure 9.310). Example calibration results are
presented.
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Calibration locations selected to
exercise specific primary/backup
pairs of strain sensors

— T

U.S..Navy/Released

Testing performed on the Fleet
Readiness Center Southwest test
line at the N.A.S. North Island

Figure 9.3-10. FlashCal First Implemented at Four Locations on an F/A18E Super Hornet
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9.4. STRUCTURAL TEARDOWN ASSESSMENTS

9.4.1. KC-135 Teardown Report on Aircraft 1 (AC1)
Gaddis Gann and Jeff Witerdink, USAF-OC-ALC

The teardown program for the KIB35s has completed findings and failure analysis on one of the
three aircraft planned for teardown. Tteshnical efforhighlightsthe following: 1) unique and
innovative aspects of the program made necessary by the requirement to tear down more than one aircraft,
2) summary ofa toplevel view of all the findingg¢Figures 9.41 through 9.44), 3) sharing ofdetails of a
handful of the more meaningful findings, ando¢sentation ofvhat steps are being planned to assess the
meanng of the findings and determinationwhat changes to the overall maintenance plan are needed.

¢ Protocol 3

TS Extraction

Protocol 4

Disassembly

Figure 9.41. Lots, Sections and Parts



Total parts = 15,104

Failure Analysis (FA)
accomplished on 546
Mechanical damage category
equates to “non-continuing”
damage such as

— Gouges (aka “tool marks™)
Double drilled holes
Errant saw cut

— Impact damage

(Note: Mechanical Damage was not |

further analyzed)
General corrosion includes the
following:
— Intergranular corrosion
Exfoliation
Light surface pitting

Moderate material loss
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Breakdown of FA
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Figure 9.42. Distribution of Findings in Categories
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Figure 9.4-3. Locations of Failure Analyses
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Fatique

04, **Fuselage
22 moderate findings [ Pressure floor (4) ] stringer S-14L (1)
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Floor support (1)

| S-7R (2) - )'

. / Notice no Moderate
Frame at g fatigue on the wings
360 (2)* © * f\/\
r L

Y

' 2 Floor beam web (1)
*S-1 both ends [ keet beam web (4)
L of sextant port (7) )
Number . Tally of Recommendations (# out of 22 for each) : :
Type Moderata Special watch {Improve PDM Check loads | More Analysis | Fatigue
AC2, AC3 inspection ACI (FEM) | (DaDTA) Testing
Fatigue 22 22 14 18 18 18 None

Figure 9.44. Moderate Fatigue Findings

9.4.2. T-38 Vertical Tail Teardown Analysis

Daniel Gardner, Northrop Grumman Corporation

The T-38 vertical tails have been in constant service with no replacement sin¢€i964 9.4
5). In 2010, structural health evaluations were commenced toaggahe assemblyT histechnical effort

will describethe results ofthe study coupled with an oweew of the analytical evaluations undertaken to

determine the criticality of the resul(fSigures 9.46 through 9.48).
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Over 50 years of Operational Excellence!

T-38A_
TICAL TAIL
PIN
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Looking VER
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| | Common Fleet Issue:
Popped Fasteners at
same location

Figure 9.4-6. Attach Angle Teardown Findings
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FEM Shows Legacy
Assumed Crack
Location is not at the
Precise Critical

Location
Figure 9.47. Vertical Tail Fatigue Critical Location
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0 : , ' ' ' ' ~Location
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Figure 9.4-8. Crack Length vs Flight Time
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9.4.3. F-15 Structural Teardown Inspection Results
Lucas Garza, USAF Life Cycle Management Center

As principal custodian for the-E5 aircraft fleet, WRALC/GRM (the F15 SPO), and primarily
the ASIP manager, has the responsibility to ensure shisndial fighter fleet can operate at acceptable
mission capable rates and can fly the required sorties s#slgircraft systems age and maintaining
structural integrity becomes more challenging, periodic structural teardowns are often used to examine
deeply embedded structural joints that are typically not observable during routine field and depot level
inspections Aircraft teardowns are also used to enable the application ofréggiution inspection
techniques to critical components which arepuassible with an intact aircrafPeriodic teardown
inspections are an essential element of a sound fleet management sfatgggrmore, it is vital that
life extension programs contain teardown inspections that can identify new areas of.concern

TherF15 C/ D airframebs design | ife specification
adjusted to 8,000 after airframe structural testing and a cliapépdosophyfrom Safe Life taDamage
Tolerance Analysis (DTA)With average accumulatedght hours for the C/D model fleet of 7,100
hours and Congressional direction to extend the service life of the fleet to 2025, the SPO is now in the
process of validating the sustainability of the C/D model airframe for an additional 15 Yeashieve
this, the SPO directed that full structural teardowns be performed starting in 2008 as avEuHScale
FatigueTest now underway

S&K Technologies, LLC (SKT) has recently completed the series of aircraft teardowns which
included an FL5D fuselage,mF~15C fuselage and six F5C/D wings This work was followed by
performing microscopy on a large number of specimens containing NDI indications that were excised
from parts targeted by thels SPO The approach to the-E5 teardown was similar to tmeethodology
used during previous successful aircraft teardown projects performed by SKT, including those developed
and validated during the-&, G130 and KG135 teardown projectsTo ensure the validity of the data
collected, SKT followed Air Force anddustry standard teardown protocols, assembled and managed by
the Air Force Research Lafatory. The F15 Teardown Protocols were derived from the-K35
protocol with approval from the K35 SPO

SKT6s appr-dastrictural @isassknebly BAdalysis Support Project included:

1 Development of teardown data packages to identify the procedures to extract the target
components from the aircraft as well as the inspection procedures to Eigseel
9.4.9).

1 Adaptation of the Teardown Data Maeagent System to supporl5 teardown data
management which provided SPO, OEM and foreign operator country engineers access
to teardown findings, metallurgical reports and other pertinent records

9 Extraction of targeted structural joints and componengcordance with the approved
protocols by certified SKT Technicians

9 Stripping of sealant and paint from extracted parts followed by Nondestructive Inspection
(NDI) utilizing various techniques in accordance with SPO requirements

1 Metallurgical or opical analysis of all crackke NDI indications was performed by the
Israeli Air Force or SKT as directed by the SR@®ith the structural teardowns complete,
the inspection results are providing valuable data points for determining the effects of
currentusage on the-E5 airframe The highresolution of the inspection allows the
documentation of very small defects, most of which will not affect original design life
structural integrity, but become invaluable when extending the service life by poyentiall
identifying new inspection points and may provide the basis for adjusting inspection
intervals for known critical structures
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Figure 9.4-9. Extraction/Disassembly

This analysis is being used to augment the Force Structural Maintenance Plan ér8MP)
support continued structural assessment, sustainment, and mission readiness af the fleet

Thistechnical activitywill provide a quick overview of the methodologies and protocols used
during F15 Teardown but will primarily focus on the resultsiué tnspections and the microscopy work
(Figures 9.410 and 9.411). This teardown is unique due to the number of Fluorescent Penetrant
Inspection (FPI) and Bolt Hole Eddy Current (BHEEigure 9.412) NDI indications that were
ultimately excised, biseaieand closely examined to identify the cause of the indicafaing the
series of F15 teardowns ~540 parts were extracted and stripped, ~90,000 holes were BHEC inspected,
and ~1500 NDI indications were bisected and microscopically examifiée. staistical analysis of the
data recorded will provide valuable insight for the ASIP community, not only to document the structural
health of the FL5, but will provide a correlation of a large number of NDI results to the actual damage
state.
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Figure 9.4-12. Bolt Hole Eddy Current (BHEC) Method

9.4.4. Structural Teardown Analysis
Gregory Shoales, USAF Academy CAStLE

CASLLE continues to assist fiemanagement decisions and the US Air Force Structural Integrity
Program (ASIP) thorough multiple programs whose focus is assessing aging strubeareown
analysis programs are required by MBI DZ.530C at various points in the life cycle of all USAF
aircraft CAStLE has been part of teardown programs since 2002 and wrote the USAF best practices
guide for teardown in 2008This publication was followed by the CAStLE protocols for detailed
teadown processes which captured best practices and lessons learned garnered from more than a decade
of United States (US) Department of Defense (DoD) teardown progi@imse the last report in 2011,
CAStLE has patrticipated at various levels in the stratteardown analysis of six US DoD aircraft.

Beginning with planning in 2007, CAStLE has continued to execute a teardown of primary
structure on three KZL.35 aircraft Teardown program execution began on the first aircraft in 2008 and
completed early 2011As of ICAF 2013 all the analysis is complete on the first two aircraft with the third
aircraftds an aMgasured byiany metribds KCZL35 teardlowryaeadysis program is by
far the most extensive of any teardown to dédigure 9.413 depicts the extent by which structural
sections were removed and analyzed.
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Figure 9.413. Graphic Indicating (by Orange and Blue Boxes) the Struaral Section
Removed from Each K(Z.35 for Teardown Analysis

Analysis of the first two aircraft has generated more than 50,000 nondestructive inspection (NDI)
indications and nearly 900 detailed failure analysis (sometimes known Zsmat investigatin)
findings Each and every indication and finding is carefully assessed by CAStLE, Boeing ZI@bKC
Program Office engineers to determine implications upon thédleentinued serviceOf particular
interest to the program office are the structheadlth of fuselage lap joints and the performance of
applied corrosion preventive compounds (CPJ%) satisfy this somewhat unigue requirement, CAStLE
developed specialized test equipment and protocols to perform focused lap joint evalTdtis tep
joint evaluation is beyond the NDI and subsequenfiraase investigations normally associated with
structural teardown analysis which is performed on the airstraitture indicated in Figure 918. The
CASILLE lap joint protocol includes residual strength and residual life testing of remov@8%KI@p
joints in order to compare with the original design paramefezsvaluate the CPC performance,
CAStLE adapted the electro impedance spectroscopy (EIS) test methodology to a raster scanning device
This device permits precise coating system integritjuations at repeatable locations on selected lap
joint sections The repeatability permits evaluation of the coating system in and around the lap joint in
the aZ&emoved condition as well as after repeated accelerated environmental expGsumgsirison
bet ween EI'S data before and after accelerated exp
potential continued ability to protect the lap joints frommrasion Other unique aspects of this program
have included the presence of a US rgadtency Oversight Committee to review process and plans and a
process to qualify each program participa@ualification is granted by CAStLE upon review of an
indepeneént sit&visithased report performed by AFRL/IRX he AFRL teamdés site vVvisi
independent assessment of the participantds abili
CAStLE teardown protocalsThe ongoing progress and results of thisk have been presented on
numerous occasions at tH@craft Airworthiness and Sustainment Conference.

Beginning in 201 1CAStLE planned and completed execution of a teardown analysis on the
USAF CZ.30 empennageThis teardown program has focused andure in the horizontal and vertical
stabilizers In order to illuminate potential hidden damatyes program analyzed the empennage
structure in its entiretyLike the KCZ35 program, the ZZ30 empennage program inspected all
components by at leastd different NDI techniquées including more than 42,000 bolt hole eddy current
inspections CAStLE had previously accomplished teardowns of the critical center wing structure for the
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USAF Aging Aircraft Program OfficeThe empennage represents one ofhsd most critical structural
regions of the @30 Teardown data from the current program will serve to supplement previous
teardown program data as th#LB0 fleet managers strive to meet USAF life goals.

CASLLE planned and is currently executing multiple teardown analysis programs for the USAF
TZ38 program office One teardown is focused on assessing the critical structural elements of an entire
airframe, particularly those associated with tZ88Tengine upgrade prograrAdditional teardown
analysis programs have been planned to fully inspettaalyze wing and fuselage structure tested
duri ng C2A&%fulllsdalé fatiguk test (FSFT) programs.

In late 2011 CASLLE extracted wing, empennage and aft fuselage structure from a retired Boeing
707 located at Melbourne, FICASELE subsequentlglanned and began execution of a teardown
analysis of the wing portion of that structufghis program has focused on primary wing structure and
seeks to identify corrosion and fatigue damage in support of the USAF Joint ZB&2¥ §Eogram
officeés flee management decisiongnalysis for this portion of the program will be complete in Znid
2013 At the request of the program offidAStLE also completed planning for a folld@m program
which focuses on analysis of the empennage and aft fuselagersruicithe wake of the 2013 USAF
budgetary pressures, execution of this program is currently on hold.

Since early 201L1CAStLE has been supporting th&B full-scale fatigue testsThis support has
included spectrum validation testing, component lex&l failure analysis,mal planning the post FSFT
teardown of test BB airframe Basedon an analysis of all availablieet recordsCAStLE identified a
prioritized list of teardown subject structure along with Nixpection recommendation€AStLE
further prepared a selection rubric for the program office to assist their matching fiscal constraints to
program technical requirement addition, the CAStLE teardown protocols were evaluated for
applicability to the BLB teardown plansUnique mateals in the Bl system required the development
of additional NDI inspection techniques and coating removal processes into these praid&ilsE
plans to incorporate these new techniques/processes into the next revision of the CAStLE teardown
protocols.

Lastly, CAStLE continues to share its experience and lessons learned by serving as a consultant
to other DoD teardown programin 2012 and 2013, CAStLE provided all protocols and teardown
database access to the US Na&2/program in support of theiopt FSFT airframe teardowrselected
protocols for extraction, disassembly, and coating removal were requested by and providedlt® the F
program office.
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9.5. LOADS & ENVIRONMENT CHARACTERIZATION

9.5.1. F-16 ASIP Data Collection Improvements and Service e Impacts

Bryce Harris and Kimberli Jones, USAFOO-ALC; William Legge, Science Applications
International Corporation; and Jim O&6Connor and Matthew Edghill
Corporation

The F16 weapon system (Figure 91% continues to search for opparities for improvement in
capturing valid Aircraft Structural Integrity Program (ASIP) data from the Crash Survivable Flight Data
Recorders (CSFDRs). While the United States Air Force (USAF fieet has struggled to meet the
required data capture ratescent process breakthroughs and unified support efforts have made reaching
the 90% valid Individual Aircraft Tracking (IAT) requirement possible. For example, in 2011, senior
USAF leadership committed to improving the cultural view of ASIP data coltetitirough refocused
enforcement of program compliance, accountability, and standardization at the wing level. These human
factor directives quickly resulted in a noticeable increase across the US@Hdet in capturing valid
data. A collaborative eleavor between the MAJCOM, Aircraft Structural Integrity Management
Information System (ASIMIS), Lockheed Martin Aero, and thReGFASIP Program Office has also
proven quite effective. This united front enabled ASIP engineering activities to achievieangni
success in improving data validity, and also to some degree data capture. Major contributors to the
validity and data capture rate improvements inaludgecreasing download interval times from 150 to 75
hours to shorten capture cycle, implemegnnew usefriendly data processing management platform
to accurately identify valid/invalid information, streamlining the ASIMIS website to simplify-fiekt
interaction, championing changes in Air Force Instructions to enforce standardized conaiidince
accountability, and modifying software within aircraft download support equipment to eliminate
erroneous data deletion (in work). The data obtained from the CSFDRs are critical to daily ASIP
activities, especially for calculation of equivalent fligfaiurs (EFH); these hours reflect flight severity on
an individual aircraft basis and are compared to the certified service life by fleet planners. When data
capture and validity rates are low, downloads are backfilled with baseline average severipeusage
standard procedures. These backfilled data could be of a higher severity than actual aircraft usage, which
in turn lessens the predicted life of the aircraft by assigning higher EFH for a given number of actual
flight hours. Similarly, structural spection schedules based on assumed usage severity are at risk of
missing cracks, which can have safety, readiness, and cost impacts to the fleet. This technical effort will
detail the mentioned efforts and illustrate the recent level of capture ratasas(Figure 9:8), as well
as citing an example of how these improvements can impact aircraft reaching certified service life (Figure
9.53).
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Figure 9.51. F-16 Weapon System
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Figure 9.52. Yearly Capture Rate Improvement
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Notional Block 40-52 EFH vs. AFH Service Life
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Figure 9.53. Service Life Effectsi Improvements and Return-on-Investment

9.5.2. F-16C Block 50 FullScaleDurability -Test Loads Spectra Development
Bill Signorelli, Lockheed Martin Corpora tion

The development of the test Iexpectra was a critical mileste for the FL6C Block 50 FuH
ScaleDurability Test program Starting with the analytical test spectrum, various algorithms were
developed to create the different spectra needed fmeupe test{Figure 9.54). Initially, a truncation
algorithm was needed to remove load cycles from the analytical test spectrum that contribute little or no
damage to the aircraft structure and to help reduce actual te¢Ftgnee 9.55 and Table %-1). Next,
an algorithm was needed to translate the truncated loads to the test fixture ranT lemaltmds applied to
the test article by each hydraulic ram must model the total aircraft loads of the truncated spectrum as
closely as possible while nmdaining the aircraft in complete balance within the test fixt@ienple
comparison of component load plots and resulting internal loads from the airplane coarse finite element
model were used to evaluate the ram load spectHmmvever, since it is ngiossible to model exactly
the total aircraft loads of the truncated spectrum due to limitations in the number of rams and ram
capacity, another algorithm was needed ttraaslate the ram loads back to the aircraft as the applied
load spectrum to accoufdr the service life differences between the truncated and the applied spectra
Finally, unique to this test as compared to previcds$ fests, the test aircraft was not a newrait
directly from the factorytherefore an additional algorithm was néed to develop a past usage load
spectrum.Thistechnical activitypresents an overview of the methodology employed and the challenges
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encountered in the development of the various load spectra tlmatiategralpart of the F16 Block 50
Full-ScaleDurability Test program.

Figure 9.54. Durability Test Spectra Development

Figure 9.55. Truncation Algorithm Methodology














































































































































































































































































































































































































































































