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INTRODUCTION

Leading government laboratories, universities and aerospace manufacturers were invited to

contribute summaries of their recent aeronautical fatigue research activities. This report contains those
contributions submitted. Inquiries regarding a particular article should be addressed to the person whose
name accompanies that article. The generous contributions of each participating organization is hereby
gratefully acknowledged.

Government

FAA Aircraft Certification Service

FAA Small Airplane Directorate

FAA Small Aircraft Standards Branch

FAA Transport Standards Branch

FAA William J. Hughes Technical Center

NASA Johnson Space Center

Sandia National Laboratories

USA

USAF Life Cycle Management Center — A-10 ASIP

USAF Life Cycle Management Center — A-10 Structures/Aero Section
USAF Life Cycle Management Center — C-5 ASIP

USAF Life Cycle Management Center — F-16 ASIP

USAF Life Cycle Management Center — F-22 ASIP

USAF Life Cycle Management Center — F-22 Program Office

USAF Life Cycle Management Center — F-35 Joint Program Office
USAF Life Cycle Management Center — Hill AFB

USAF Life Cycle Management Center — KC-46 ASIP

USAF Life Cycle Management Center — Mature and Proven Aircraft Division
USAF Life Cycle Management Center — NDI Program Office

USAF Life Cycle Management Center — Robbins AFB Corrosion Office
USAF Life Cycle Management Center — Rotary Wing ASIP

USAF Life Cycle Management Center — T-38 ASIP

USAF Life Cycle Management Center — Wright-Patterson AFB

USAF Research Laboratory — Aerospace Systems Directorate

USAF Research Laboratory — Materials and Manufacturing Directorate
USAF Sustainment Center — Hill AFB NDI Program Office

USAF Sustainment Center — Robins AFB NDI Program Office

USAF Sustainment Center — Tinker AFB NDI Program Office

USN - Naval Research Laboratory

USN - NAVAIR
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Academia

Mississippi State University

St. Mary’s University

Stanford University

University of Arizona

University of Texas — San Antonio
University of Virginia

University of Washington

Wichita State University — NIAR

Industry
Acellent Technologies, Inc.

Arconic Technical Center

Aviation Engineering Services LLC

Battelle Memorial Labs

Engineering Software Research & Development (ESRD), Inc.
Fatigue Technology, Inc. (FTI)

General Atomics Aeronautical Systems

Hill Engineering LLC

InterPro, LLC

Jacobs Technology, Inc.

JENTEK Sensors, Inc.

Laser Plasma Technologies

LexTech Inc.

Lockheed Martin Corporation — Aeronautics
Lockheed Martin Corporation — F-16 Program
Lockheed Martin Corporation — F-35 Program
Mercer Engineering Research Center (MERC)
MSC Software Company

Northrop Grumman Corporation

NSE Composites

PeopleTec Inc.

Southwest Research Institute (SWRI)

Spirit AeroSystems

Technical Data Analysis Inc.

The Boeing Company — Boeing Defense

The Boeing Company — Boeing Global Services
The Boeing Company — Commercial Airplanes
The Boeing Company — KC-135 ASIP

The Boeing Company — Research and Technology

References, if any, are listed at the end of each article. Figures and tables are integrated into the text of
each article.

The assistance of Jim Rudd and Pam Kearney, Universal Technology Corporation, in the preparation of
this report is greatly appreciated.
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One of the goals of the United States Air Force is to reduce the maintenance burden of existing and future
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 and effectiveness. This requires a condition-based-maintenance
capability utilizing structural integrity concepts (CBM+SI). Knowledge is required for four Emphasis
Areas: 1) Damage State Awareness, 2) Usage, 3) Structural Analysis and 4) Structural Modifications
(Figure 9.1-1). The following nine Technology Focus Areas are identified to provide this knowledge: 1)
Non-Destructive Inspection/Evaluation, 2) Structural Health Monitoring, 3) Structural Teardown
Assessments, 4) Loads and Environment Characterization, 5) Characterization, Modeling and Testing,
6) Prognostics and Risk Analysis, 7) Life Enhancement Concepts, 8) Repair Concepts, and 9)
Replacement Concepts. The aeronautical fatigue research activities of this report have been categorized
into these nine Technology Focus Areas, plus a tenth category titled “Overviews” that cuts across two or
more of the nine Technology Focus Areas.

’ 2. Structural

- 4 Health
Damage 1 Monitoring
State Awareness

3. Structural . :
Teardown
D - Assessments -
. Non-Destr Y
4, Loads \
Inspection/ #“" .

Evaluati ; - & Environment "
bt ?“H 6. Prognostics ELGnn

& Rizk Analysis FSSt=esrms=

5. Characterizaticn,

7. Life

Enhancement

Concepts -
Structural < Structural =
Madifications : Analysis |

Legend: @ Emphasis Area B Technology Focus Area

Figure 9.1-1. Condition Based Maintenance + Structural Integrity (CBM+SI)
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9.2. NON-DESTRUCTIVE INSPECTION/EVALUATION

9.2.1. Probability of Detection Studies for Advanced Eddy Current Scanning Systems
Ryan Mooers, USAF Research Laboratory — Materials and Manufacturing Directorate

The United States Air Force relies on Probability of Detection (POD) studies to determine the
detection capability of nondestructive inspection processes and set the inspection intervals for various
inspections. Over the past three years, the Air Force Research Laboratory, Materials and Manufacturing
Directorate, Materials State Awareness Branch has contracted multiple efforts to develop a new advanced
eddy current instrument and two advanced eddy current scanners. The first system, the Advanced Bolt
Hole Eddy Current (ABHEC) scanner (ECS-5), is an automated bolt hole scanner that enables multi-
frequency operation, and provides improved visualization through a two-dimensional representation of
the bolt hole inspection data. The second system, the Advanced Surface Eddy Current Scanner system
(ECS-39), is a surface scanner that utilizes a rotating absolute probe and position encoded registered
wheels to produce a two-dimensional image of the inspected area. These two new scanning systems were
designed to provide enhanced inspection capability and information to reduce human variability
associated with these classes of inspections. This research activity describes the efforts taken to perform
a POD study and determine the detection limit for these two scanning systems. This will include details
regarding the specimens (Figures 9.2-1 through 9.2-3), test set up, data collection, and data analysis
(Figures 9.2-4 through 9.2-6 and Tables 9.2-1 and 9.2-2). Comparisons of the detection capabilities and
inspections times relative to the current inspection capabilities that these systems could replace is given.
Additional information about these two new scanning systems is included to describe enhanced
capabilities of the systems.

«0.070” top and 0.050”
bottom

* 5/32" fasteners
—Al, Ti, & St (POD study)

* 9 specimens

& 9
@ 10 e

» Crack size range:
L L

—-0.0131" - 0.2415” ot i .
» Fastener head overlap: 0.038

= 9 9
3 3

Figure 9.2-1. Advanced Surface Scanner — Specimen Set 1



ICAF 2019 — UNITED STATES NATIONAL REVIEW FOR 2017-2019 — FINAL — PAGE 9/12

«(0.156” top / 0.100”
bottom

«0.270” top / 0.176”
bottom

*1/4” HiLok Fasteners
—Steel
* 33 specimens

SIUBWBINSE3A SS3UNdIYL

.§/°0 Aeas peoeds sejoy gL Buo| ¢|

» Crack size ranges:

—Subset 1: -0.044"-0.035"

—Subset 2: -0.044” — 0.082”
» Fastener head overlap: 0.072”

Variable
Thickness

Figure 9.2-2. Advanced Surface Scanner — Specimen Set 2

3 materials: Al, St, Ti

» Fatigue cracks and EDM |
notches

e 2 crack locations

4 hole diameters

Crack Location Top and bottom of hole

Hole Diameter 0.156", 0.250", 0.500", and 0.750"
* 4 layer thicknesses

Layer Thickness 0.100", 0.160", 0.250", and 0.500”

Figure 9.2-3. Advanced Bolt Hole Scanner Specimens
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Probability of Detection
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Figure 9.2-4. Advanced Surface Scanner POD Results

Crack Length From Fastener Head (inch)

Table 9.2-1. Advanced Surface Scanner Calculated Values

Inspector

o A W N B

6
Composite

0.038” + FHO
0.042” + FHO
0.023” + FHO
0.025” + FHO
0.029” + FHO
0.025” + FHO
0.030” + FHO

Calculated Values

I T e

0.054” + FHO
0.051” + FHO
0.043” + FHO
0.053” + FHO
0.040” + FHO
0.032” + FHO
0.049” + FHO

0.065” + FHO
0.058” + FHO
0.056” + FHO
0.074” + FHO
0.049” + FHO
0.039” + FHO
0.063” + FHO

Crack Length | Crack Length | Crack Length
and Depth and Depth and Depth
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Figure 9.2-5. Advanced Bolt Hole Scanner POD Results (Steel Layer Present)
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Table 9.2- 2. Advanced Bolt Hole Calculated Values

POD Analysis agy Value agg/95 Value
Al Corner Cracks (no steel) 0.024” 0.029”
Al Corner Cracks (with steel) 0.032” 0.041”
Al midbore cracks 0.024” 0.029”
Al plate thickness dependence 0.024” 0.029”
Al hole diameter dependence 0.024” 0.029”
Al EDM Notches 0.026” 0.028”
St defects 0.025” 0.027”
Ti defects 0.023” 0.024”

9.2.2. Assessment of Damage and Defect Severity in Composite Materials by Acousto-Ultrasonic
Technique

Caleb Saathoff and Waruna Seneviratne, Witchita State University - NIAR

Foreign object damage is a major concern for composite structures and a damage threat
assessment in terms of residual strength loss and detectability is a major focus in composite structural
design and maintenance. Impact damage to composites, particularly under compression loading, reduces
both residual strength and the fatigue life significantly as the damage size is increased. Due to numerous
variables that can contribute to the damage severity such as material, layup, impactor geometry, energy
level, boundary conditions, variability of laminate response, etc., large numbers of tests must be
conducted to adequately characterize the effects of damage. The test matrices required for a
comprehensive damage threat assessment analysis can be quite large. Previous research has shown the
potential of the acousto-ultrasonic (AU) technigue, which uses an externally generated ultrasonic source
to excite stress waves and uses an acoustic emission system to detect and analyze the propagated waves.
The goal of this research effort is to develop an approach for quantifying the localized stiffness loss due to
impact damage using the acousto-ultrasonic technique that utilizes frequency-domain stress wave analysis
for assessing the damage severity with a spatial map of the damage region. This technique can then be
implemented as a single-sided field inspection technique for damage detection and quantification of
damage severity to ensure safe operation of aircraft. Once validated for impact damage, this methodology
can then be expanded to detect fatigue damage, disbond, delamination and various other anomalies that
can jeopardize structural integrity. Post-impact inspections will also be conducted using standard
ultrasonic and high-fidelity X-Ray CT nondestructive inspections to quantify the damage and compare
against the AU findings (Figures 9.2-7 and 9.2-8). Impacted specimens then will be mechanically loaded,
while acquiring full-field digital impact correlation (DIC) data for comparing the stiffness loss and
strength to demonstrate the capability of the AU methodology as a field inspection technique to quantify
damage severity (Figure 9.2-9).
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» Baseline X-Ray CT Inspections
® NSIX7000 X-ray

O Allows researchers to determine
internal failure characteristics
and their corresponding effect
on acoustic wave propagation

O Provides insight into possible
mechanisms  responsible for
stress wave factor variations
under differentdamage states

Figure 9.2-7. Experimental Setup for X-Ray CT Inspections

» Baseline and Intermediate Acousto-Ultrasonics Inspections

® Fixturing

O Contact pressure variationis a primary
concernin AU data acquisition

O A consistentmeans of coupling
transmitting and receiving transducers is

required for reliable data assessment X-Coor. Travel

O Current Fixture

Y-Coor. Travel

® Quick changes between various B
transducers

® Consistent separation distance

® Curved surface applications

*Swivel Mounts were Obtained from NDTS MAUS UT Scanner

Figure 9.2-8. Experimental Setup for Acousto-Ultrasonic Inspections
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Figure 9.2-9. Damage Severity Assessment

9.2.3. Shear-Wave Ultrasonic Inspection of Metallic Structures

John McClure, John Brausch, and Eric Lindgren, USAF Research Laboratory — Materials and
Manufacturing Directorate; David Campbell, USAF Sustainment Center — Tinker AFB NDI
Program Office; Ward Fong, USAF Sustainment Center — Hill AFB NDI Program Office; Tommy
Mullis, USAF Sustainment Center — Robbins AFB NDI Program Office

Shear-wave ultrasonics is a non-destructive inspection technique used to detect subsurface fatigue
cracks extending from features such as fastener holes, internal lug bores and other internal structural
features. Implementation of effective ultrasonic inspection solutions for detection of fatigue cracks
requires considerable homework and resources. This technical activity provides an overview of the basic
physics of shear-wave ultrasonics (Figure 9.2-10), outlines typical and unique applications for inspection
of metallic structures (Figures 9.2-11 through 9.2-14) and summarizes sources of variability that can
significantly impact detection capability (Figures 9.2-15 through 9.2-17). The technical activity will also
describe the reasons ultrasonic shear-wave inspection capability estimates are not published in Structures
Bulletin EN-SB-08-012. Finally, approaches for developing estimates of detection capability for specific
applications will be described.
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Figure 9.2-10. Ultrasonic Inspection Basics

Figure 9.2-11. Shear Wave Applications - Lugs
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Figure 9.2-14. Shear Wave Applications — Multi-Layered Structures
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Figure 9.2-15. Impact of Material Microstructure
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9.2.4. Buried Crack Detection Using Eddy Current Arrays

Neil Goldfine, Todd Dunford, Andrew Washabaugh, Mark Windoloski, Stuart Chaplin and
Zachary Thomas, JENTEC Sensors, Inc.

Current eddy current testing capability for buried cracks does not meet all practical needs for the
U.S. Air Force fleets. To reduce inspection burdens and detect damage early enough to limit repair costs
it is desired to detect cracks that initiate on the far side (away from accessible surfaces) where access is
often in confined locations and inspection is required for complex components. This technical effort
describes recent advances in subsurface crack detection using MWM-Array eddy current sensors (Figure
9.2-18) and a hand-held eddy current array tester. The goal is to provide detection of subsurface cracks
early enough that inspections can be moved to the depot or at a minimum to enable convenient field
inspections with a handheld unit performed reliably be available personnel. This technical effort will
describe early results with enhanced hardware and ongoing performance evaluations (Figures 9.2-19 and
9.2-20). In addition, this technical effort will describe efforts to enable portability to new applications by
Air Force personnel to broaden use and reduce transition costs.

Figure 9.2-18. MWM-Array Eddy Current Sensor
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9.2.5. Digital Nondestructive Evaluation/Inspection (NDE/I) Data Capture

Eric Lindgren, John Brausch, Charles Buynak, USAF Research Laboratory — Materials and
Manufacturing Directorate; David Campbell, Ward Fong and Tommy Mullis, USAF Sustainment
Center — NDI Program Office; Michael Paulk, USAF Life Cycle Management Center — NDI
Program Office

A question and challenge for nondestructive evaluation/inspection (NDE/I) continues to be how
much data to capture and when to capture it (Figure 9.2-21). Initiatives with the USAF have focused on
100% data capture and availability, such as Attribute 1 in the Logistics and Sustainment Enterprise (LSE)
2040 vision document authored by the Air Force Sustainment Center (AFSC). Others have focused on
capturing data for additional data mining, up to complete capture of all data from manufacturing through
sustainment, such as the Digital Thread. From the perspective of NDE/I, the definition of data needs to
be clarified as for some it includes all raw data, such as unprocessed RF waveforms for ultrasound, and
for others it is only the report of an inspection outcome when an indication was found. As expected, there
is a broad range of options between these two extremes. This technical effort reviews several current
efforts to capture digital inspection data, ranging from automated reporting to full capture of unprocessed
data (Figures 9.2-22 and 9.2-23). It addresses how these data capture initiatives should integrate with
other data capture/management processes, such as program office based data management systems. In
addition, approaches and options for capturing NDE/I data are dependent on the eventual use of the data.
Several representative case studies addressing the differing use of data are discussed, including the value
of automated reporting and the additional diagnostic capability achieved when analyzing/processing raw
data. Considerations for each type of data capture, from point-of-maintenance (POM) tools to
assistance/guidance in performing maintenance using augmented reality systems, are discussed to explore
and evaluate optimal methods to capture and leverage NDE/I data to maximize its value for aircraft
integrity management. Current AFRL demonstration projects are reviewed, including the anticipated
value to the USAF for capturing data and the integrated roadmaps to realize this capability.

What is needed and impact:
» OQutcome of inspection: disposition

» Tracking inspection process: verification
 Raw data: additional diagnostics

When is it needed during MX process:
» Qutcome / tracking: as soon as inspection is accomplished

* Raw data: depends...
» Disposition/life management critical: as soon as accomplished
* Analyze / reanalyze outcomes: when analysis is performed

Figure 9.2-21. Digital Reporting: What and When
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Figure 9.2-22. Inspection Objectives
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Figure 9.2-23. Ultrasonic Approach
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9.2.6. A New Method for ND Corrosion Inspection Through Paint
Mool Gupta and Andrey Prosvirin, Laser Plasma Technologies

Designated MQ-9 Reaper® by its U.S. Air Force, the turboprop-powered, multi-mission
Predator® B Remotely Piloted Aircraft (RPA) was developed with GA-ASI funding and provides
significantly greater capabilities than Predator. First flown in 2001, Predator B is a highly sophisticated
development built on the experience gained with the company's battle-proven Predator RPA and is a
major evolutionary leap forward in overall performance and reliability. In 2013, GA-ASI and the US Air
Force, Medium Altitude Unmanned Aerial Systems Division undertook a targeted Airframe Structural
Integrity Program for the MQ-9 Reaper platform. This technical effort will outline the need and purpose
of the targeted effort, overview the analytical efforts, supplemental testing, ground testing, and flight test
efforts undertaken and outline the remaining efforts. The technical effort will also highlight the unique
challenges associated with an ASIP effort for unmanned remotely piloted aircraft.
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9.3. STRUCTURAL HEALTH MONITORING

9.3.1. Structural Prognostics and Health Management (SPHM) for the F-35
Wayne Black, Lockheed Martin F-35 Program

The Structural Prognostics & Health Management (SPHM) system is designed to ensure that the
F-35 aircraft (Figure 9.3-1) meets the requirements of the Aircraft Structural Integrity Program (ASIP) F-
35 Master Plan. The ASIP Master Plan was established based on the requirements and guidance
documented in MIL-STD-1530C, AFI 63-1001, and NADC-87089-60. The SPHM system includes 1)
Individual Aircraft Tracking (IAT), 2) Loads & Environmental Spectra Survey (L/ESS), 3) Conditional
Event Reporting (CER), Analysis (CEA) and Maintenance (CEM), 4) Strain Gages, and 5) the Corrosion
Management System. ASIP is a planned series of tasks that are accomplished to ensure that aircraft
safety and structural integrity requirements are met and maintained throughout fleet operational service
life. This technical activity provides an overview limited to IAT and L/ESS air vehicle (AV) and off-
board capabilities of the SPHM AV system. The system includes data recording, data analysis and
dedicated hardware (strain gages and corrosion sensors). All other capability is performed off-board.
SPHM off-board capability is deployed to both the Autonomic Logistics Information System (ALIS) and
to SPHM Cells. The on-board capability to record time-history data of specific signals is required for off-
board SPHM capabilities such as Individual Aircraft Tracking, L/ESS and Conditional Event Analysis.
The capability extracts data from on-board sub-systems, and records unfiltered/raw data from engine on
to engine off. These SPHM products are incorporated into ALIS and give F-35 operators the ability to
proactively plan, maintain, and sustain the system over the life of the air vehicle. This SPHM data are
critical in the information infrastructure for the F-35, transmitting aircraft health and maintenance action
information to the appropriate users on a globally-distributed network to technicians worldwide.

F-35C

Span................a. ... 43ft/13.11m
Length..................... 514ft/1567m
wingarea............... ...668ft/62.06m?
Combatradius (internal fuel) >600n.mi/ 1,111 km
Range (internal fuel). ... . >1,200n.mi/ 2,222 km

Figure 9.3-1. F-35 Aircraft Variants
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9.3.2. Unit Cell Approach for Optimized Detection of Fatigue Cracks Using Data from PZT
Sensor Networks

Susheel Yadav, Howard Chung, and Amrita Kumar, Acellent Technologies, Inc.; Fukuo Chang,
Stanford University; Dennis Roach and Thomas Rice, Sandia National Laboratories

Fatigue cracks in critical aerospace structure are a common occurrence that effect the overall
safety, performance and mission readiness of aircraft. Harsh operational conditions combined with
inspection obstacles pose additional challenges in the quantification of such types of damage. Prevention
of unexpected flaw growth and structural failure could be improved if on-board health monitoring
systems are used to continuously assess structural integrity. In recent years, in-situ Structural Health
Monitoring (SHM) technologies have shown the potential to efficiently assess structural health condition
while minimizing human factors concerns during inspection. In particular, Piezoelectric Transducers
(PZT) can be bonded to the structure of interest and utilize Lamb Wave interrogation methods to detect
damage that occurs within the sensor array (Figure 9.3-2). Such PZT systems can automatically process
data, assess structural condition, and signal the need for human intervention. The use of onboard sensors
for real-time health monitoring of aircraft structures can overcome a myriad of inspection impediments
stemming from accessibility limitations, complex geometries, and the location and depth of hidden
damage. Previous studies have shown that the uncertainties associated with sensor/actuator locations and
variations in crack orientations are two key factors that can affect the PZT damage quantification.
Acellent Technologies, Inc., in collaboration with the Structures and Composites Laboratory at Stanford
University and the Airworthiness Assurance Center at Sandia National Laboratories has developed and
tested a calibration-based robust, multipath, scalable, Unit-Cell (UC) approach for enhanced detection and
guantification of fatigue cracks. The PZT UC approach uses multiple sensor-paths from a multi-sensor
unit (network) together with an adaptive, weighted averaging method to mitigate the effect of sensor
positioning error and/or uncertainties associated with crack orientation for quantification in SHM.
Extensive coupon tests, using a complex riveted metallic assembly, were conducted and the results were
used to validate the performance of this novel, multi-path Unit-Cell approach for damage quantification
(Figures 9.3-3 and 9.3.-4). The results from coupon test data are summarized and presented in this
technical effort.
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Figure 9.3-3. Rotorcraft I-Beam Fatigue Test Set-Up
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. Independent coupons of a rotorcraft I-Beam component
were tested at Sandia Lab to evaluate SHM system for
crack growth monitoring in fastener hole due to fatigue
loading.

= A localized unit cell consisting 4 sensors around the
hotspot area has been identified as shown below and
used to perform diagnostic analysis,

. Calibration curve is generated from one of the coupon
data and used to quantify crack size on rest of the
coupons.

Figure 9.3-4. Coupon Test Configuration



ICAF 2019 — UNITED STATES NATIONAL REVIEW FOR 2017-2019 — FINAL - PAGE 9/31

9.4. STRUCTURAL TEARDOWN ASSESSMENTS

NO INPUTS WERE SUBMITTED FOR THIS CATEGORY.
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9.5. LOADS AND ENVIRONMENT CHARACTERIZATION

9.5.1. Modernizing the A-10 Loading Spectrum Development Process

Luciano Smith, Southwest Research Institute (SwRI); Devin Butts and Kurt Schrader, InterPro
LLC; Mark Thomsen, USAF Life Cycle Management Center — A-10 Structures Aero Section

As the A-10 fleet transitioned away from the legacy MXU recorders that were becoming
increasingly obsolete and toward a new recording solution (Figure 9.5-1), the downstream tools used to
process the new data also needed replacement. The initial focus for these software tools was to increase
their flexibility and capability over the legacy programs in understanding the details of how the A-10 fleet
was being flown. This focus allowed for many valuable studies regarding issues such as relative severity
across the fleet, gunfire rates, stores carried, etc., and what that all meant for the structural integrity of the
fleet. After the new recorders had been flying on a subset of the fleet for a few years, the decision was
made to install them on all remaining A-10s to not only benefit the quality and quantity of data going into
the Loads/Environment Spectra Survey, but also to improve the Individual Aircraft Tracking Program,
which by this point was dealing with obsolescence issues of its own. The order of magnitude increase in
data to be processed led to the data processing and maneuver spectrum development functions being
automated and transitioned to the Tinker AFB ASIMIS office, giving the USAF even more flexibility and
internal capability to gather usage data necessary for force management. This technical effort gives the
history of this transition from legacy recorders and tools to modernized processes and organic
capabilities, and the program benefits that have resulted from that transition (Figures 9.5-2 and 9.5-3).

Figure 9.5-1. Turbine Engine Monitoring System/Airborne Data Recorder (TEMS/ADR)
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Figure 9.5-3. Comparison of Landing and Ground Handling Data

9.5.2. Sortie Code Based IAT for the TH-1H Helicopter

Nicholas Hatcher, Mercer Engineering Research Center; Gregory Wood, USAF Life Cycle
Management Center — Rotary Wing ASIP

A rotorcraft Individual Aircraft Tracking (IAT) program should include fleet-wide usage data
recording; however, the USAF TH-1H platform (Figure 9.5-4) only has twenty five percent of its fleet
instrumented (Figure 9.5-5). Therefore, the Rotary Wing ASIP Manager tasked MERC with developing a
method for estimating individual aircraft usage using the training syllabus sortie codes. These codes
represent a specific mission and are tracked with each flight. Using the tail numbers’ time spent in sortie
codes along with each sortie code’s usage spectrum, MERC was able to estimate the usage more
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accurately than assuming the Loads/Environment Spectra Survey (L/ESS) average spectrum. The TH-1H
is the USAF’s undergraduate helicopter training platform. Because it is a trainer, each flown sortie is
assigned a code that is used to track the student pilots’ performance. These codes represent specific
training missions, and therefore should represent repeatable usage spectra. MERC analyzed usage data
(time spent in flight regimes) from the L/ESS to calculate the average spectrum and the repeatability for
each sortie code. These values, along with the sample size for each sortie code, were used to decide if a
sortie code should be incorporated in the usage estimation, ignored (due to poor repeatability), or
combined with another code (due to small sample size and similar spectra). This resulted in a final list of
“equivalent sortie codes,” each having an assumed usage spectrum that could be used to estimate the
usage of a specific tail number over a specific time period (Figure 9.5-6). Preliminary results show that
sortie code-based IAT can provide a more accurate estimation of usage than the L/ESS average spectrum.
This was determined by comparing the IAT spectra and the L/ESS spectrum to the actual usage (defined
by the regime recognition output) for several scenarios (Figure 9.5-7). One scenario that included over
250 flight hours from one tail number resulted in an average percent error of 18% for IAT and 32% for
the L/ESS average spectrum. Sortie code-based IAT is not meant to fully satisfy the IAT requirement; a
fleetwide usage data recording system is still recommended. This method was developed to provide
usage estimation that is more accurate than assuming the L/ESS spectrum. Its implementation will enable
the ASIP Manager to calculate equivalent flight hours (EFH) for each tail number instead of assuming all
aircraft operate at the same severity.

Figure 9.5-4. TH-1H Huey Helicopter
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9.6. CHARACTERIZATION, MODELING & TESTING

9.6.1. Durability Analysis of Complex Metallic Structures Using XFA3D
Xiang Ren, Global Engineering & Materials Inc.

Assessing the structural durability and life extension of complex metallic structures can be very
challenging due to the presence of complex loading profiles, environment assisted material aging, residual
stress field, and coupled thermal-mechanical-environmental conditions. The coexistence of structural
discontinuities and variation of three-dimensional (3D) stress fields often makes the crack growth non-
planar and branching. An initial residual stress field induced from thermal loading or cold working can
have a large impact on the fatigue life. The challenge when using numerical modeling for structures
under transient thermal cycling is that both the spatial and temporal variations of the 3D stress field near
the crack tip can render the occurrence of the maximum and minimum stress intensity factors at different
time instants for sampling points selected along an arbitrary 3D crack front. A conventional fatigue crack
growth analysis approach is not valid because of the use of an incremental stress intensity factor (delta K)
computed from the peak load response along with a given stress ratio at the current number of fatigue
cycles. In order to address modeling challenges, our 3D extended finite element toolkit for ABAQUS
(XFA3D) has been enhanced by including a residual stress characterization module and fatigue life
prediction module under thermal-mechanical cycling. The XFA3D toolkit, developed under the
sponsorship of initially the US Air Force and currently the Office of Naval Research, features the
representation of arbitrary cracks via nodal enrichment, accurate extraction of stress intensity factors
using integration integrals, and explicit tracking of an arbitrary nonplanar crack surface. The capability of
the enhanced XFA3D is demonstrated by predicting the fatigue life of a crack initiated from a cold-
worked hole, the fatigue life of a structural component under coupled cyclic thermal and mechanical
loading, and the fatigue life of a complex aircraft component with multiple cracks growth.

9.6.2. Predictive Corrosion for Condition-Based-Maintenance-Plus (CBM+)

Casey Jones, USAF Life Cycle Management Center — Robins AFB Corrosion Office

Corrosion can negatively impact the structural integrity of aircraft through a variety of
mechanisms, including creation of stress concentrations, creation of crack nucleation sites, and reduction
in working area leading to an increase in local stress levels. Currently, United States Air Force (USAF)
corrosion wash intervals are performed on a calendar-based schedule based on the Environmental
Severity Indices (ESI) of an aircraft’s home-station. The indices drive three wash intervals for aircraft per
USAF TO 1-1-691: mild (180 day), moderate (90 day), and severe (30 day) (Table 9.6-1). This calendar-
based methodology does not account for variables such as environmental conditions during global
operations, environmental changes that occur during altitude changes, or contaminant exposure during
flight. A calendar and home stationed-based wash interval could generate unnecessary preventive
maintenance actions (i.e., washes), increase operating cost, and potentially increase maintainer exposer to
hazardous materials (Figure 9.6-1). This effort seeks to optimize maintenance processes and scheduling
efficiency through the use of predictive analytics. Matrices of environmental indicators and cumulative
exposure states will be developed and validated to predict the likelihood of corrosion. A data-driven
approach will be used to develop an algorithm for predicting corrosion as a function of environmental
exposure, based upon measurements of key outdoor conditions. The algorithm will be trained using data
gathered through outdoor exposures at 10 USAF bases of varying environmental severity (Tables 9.6-2
and 9.6-3). Environmental data (input) will be collected via corrosion sensors (Figure 9.6-2) and weather
stations, while data for the corresponding corrosion damage (response) will be collected via analysis of
witness panels and simulated aircraft structures (SAS). The cumulative exposure state will define the
severity of exposure for a given location. A threshold value for cumulative exposure can then be defined
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for an individual asset based upon its mission profile. The data from the algorithm and cumulative
exposure will be inputs to Condition-Based-Maintenance-Plus (CBM+) algorithms for predictive
prognostics and expanded asset health monitoring. This effort will advance environmental exposure

characterization and provide decision makers with the ability to more efficiently plan and execute
maintenance.

Table 9.6-1. Wash Cycles Based on DoD Base Locations

« Current wash and inspection practices are
flawed for several reasons
— Washes performed based on assigned asset
home station location, not where it has operated

— Relationship of washing to prevent corrosion is
not fully understood

- AF TOs 1-1-691 and 35-1-3 dictate washes for A/C
and GSE, respectively, based on elapsed time
since previous wash, not on actual need

or DoD Base Locatio

Mild/Moderate s
Mild 180 days
Moderate 90 days -

« Each year thousands of USAF aircraft (A/C)

and ground support equipment (GSE) are
inspected and washed

— Reduces weapon system availability
— Very labor intensive
— Generates millions of gallons of wastewater

: : A 4 Annual C-130 Wash in a
Severe Corrosion Location

Hazardous Wastewater | Over 36,000 gallons
Soap/Cleaning Agents Over 120 gallons
Labor Hours Over 700
Estimated Cost $5,500 per wash

Figure 9.6-1. Problem Statement
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Table 9.6-2. Ten Base Locations with Array of Environmental Conditions

Current ESI Rating Current ESI Rating
and Wash Interval and Wash Interval

Location for AIC per for GSE per
TO 1-1-691 TO 3513

Aviano AB Italy
Dyess AFB Abilene, TX
Ellsworth AFB Box Elder, SD Mild {180-day) Mild/Moderate
Travis AFB Fairfield, CA (180-day)
Westover ARB Chicopee, MA
Savannah ANG Base | Savannah, GA' Moderate (90-day)

Table 9.6-3. Monitor Aircraft and Ground Support Equipment at Each Base Location

Base

Aviano AB Maintenance Stand

"

-

 F

Generator Set

Dyess AFB

Ellsworth AFB

F

Floodlight

Travis AFB
Westover ARB

‘Savannah ANG Base
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« Corrosion Monitoring Systems

— Luna LS2A: 5 Sensors in 1 system
* Relative Humidity (RH)
+ Air Temperature (Tair)
+ Surface Temperature (Tsurf)
+ Conductance (a)
Corrosivity ()

— Luna CorRES
* Adds galvanic corrosion assessment
« Designed for coating evaluation

+ Supports three sets of Conductance
and Corrosivity Interdigitated Electrodes
(IDEs)

Figure 9.6-2. Corrosion Monitoring Systems

9.6.3. A Multiscale, Physical-Criteria-Based Approach for Composite Structural Assessment
Jon Gosse, MSC Software Company

The ultimate goal of structural assessment is to ensure that a given design is able to accomplish
its mission without suffering a structural failure. Traditional structural analysis accomplishes this by
using mathematical models to determine the maximum internal stress and strain state of the material and
then compare that to measured critical values of the material to determine a margin-of-safety. Those
critical properties are directly measurable for metallic materials. Yield and ultimate tensile stress and
strain can be directly observed from simple coupon tests. The Von Mises yield criterion for example,
provides a reliable, conservative criteria for evaluation of a material subjected to combined loading.
Safety margins are based on comparisons to critical material properties. Except in rare cases, analysis and
simulation do not attempt to predict catastrophic, two-piece failure. The introduction of advanced
composites presented structural engineers with a daunting challenge. Composite laminates are a
structural system. The constituent materials and layers work together and their performance is strongly
dependent on the layup, making each laminate a completely unique material (Figure 9.6-3). Complicating
matters further is the fact that glassy polymer composites often don’t exhibit any reliable indication of
damage prior to ultimate failure; and that failure is sudden and very dramatic. This led to the current
building block approach to laminate design and analysis, with extensive physical testing of laminate
configurations to characterize the design space (Figure 9.6-4). To reduce this burden and ensure safety,
the design space was constrained to a small number of allowed ply angles and configurations. Simulation
has followed that path in a largely ineffective attempt to predict laminate twopiece failure. Recent
advances in material science, microstructure modeling, and finite element modeling have enabled a new
approach to composite analysis, which is actually a return to the previous era where margins were written
vs. critical material properties. Hierarchical multiscale modeling can accurately determine the strain state
in the constituent materials in a composite under realistic combined loading. These strains can be
compared to critical values of the constituent materials of the composite microstructure that precede
ultimate failure. Engineers can choose the appropriate criteria for their application to write a margin-of-
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safety. Critical material properties of the fiber and matrix can be determined by simple coupon tests, or in
the case of the matrix, through molecular dynamics simulation of the matrix chemistry. Reduced order
modeling with advanced basis functions can address the issue of modeling complexity and efficient
application to large structural models. Physical testing can again be focused on validation of design. This
methodology enables confident determination of the appropriate margin-of-safety for composite structure
through simulation, expanding the design space for laminates and evaluating effects of defects (Figure
9.6-5). It also provides a practical approach for addressing multiple composite materials and processes,
such as Discontinuous Fiber Composites (DFC, i.e., chip composites), Discontinuous Long Fiber
Composites (DLF), and even additive manufacturing with mixed materials and complicated

microstructures.

Composite Laminates Challenge Traditional Methods

» Metals critical states are easily observable.

» Composite strength depends strongly on layup, and exhibit no reliable critical
behavior prior to final failure.

Composite Stress-Strain Response

i ulimate tensile strength
upper «/ | BOoOM!
yield point fraciure ,19 Catastrophic Failure
levwer q,@
yield point 0 '-"t'q:q s
S0 e ] 0\0
2 P 0) 5
i i vé S
& yiehding 12
Q
o
)
& <
&
§
&
v
&

Strain

Figure 9.6-3. Critical Material Properties
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Response to Composite Behavior & Complexity
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Figure 9.6-4. Building Block Approach
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Figure 9.6-5. Validation Examples
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9.6.4. Fatigue Crack Growth Tests and Analyses on 7249-T76511 Aluminum Alloy Specimens of
Various Thickness Under Simulated Aircraft Wing Loading

James Newman, Jr., Mississippi State University; Kevin Walker, DSTG — Australia

The original P-3C aircraft wings were made of 7075-T651 aluminum alloy. An extensive life-
extension program was conducted by the United States, Canada, Australia, and Europe. In some fleets,
the wings were replaced with 7249-T76511 aluminum alloy for better fatigue and corrosion performance.
This technical activity describes a program to support the P-3C fleets by Mississippi State University and
funded by the Australian Defence Science and Technology Group. Fatigue-crack-growth tests under
simulated wing loading were conducted on middle-crack-tension, M(T), specimens for thicknesses of
0.08, 0.125 and 0.25 inches (Figure 9.6-6 and Tables 9.6-4 and 9.6-5). A fullscale fatigue test spectrum
was obtained from Lockheed-Martin. But the resulting spectrum for testing was condensed (stress
amplitudes less than 15% of maximum range were omitted) and the resulting spectrum had about 300,000
cycles (15,000 flights) in one sequence (Figure 9.6-7). Testing under the spectrum loading lasted from
less than one to many sequences depending upon sheet thickness. Fatigue-crack-growth calculations were
made using FASTRAN. Baseline crack-growth-rate data were obtained from previous tests on compact,
C(T), specimens for the various thicknesses. Compression pre-cracking test procedures were used to
generate crack-growth-rate data from near threshold to fracture. Sheet thickness did not have a significant
affect on AK-rate behaviour for constant-amplitude loading. Thus, a single AKeff-rate curve was used. A
crack-closure analysis was used to collapse AK-rate data from C(T) specimens into a narrow band over
many orders of magnitude in rates. However, thickness was a significant issue for M(T) spectrum tests.
This was caused by the different 3-D constraint condition for the M(T) configurations. Accounting for
constraint difference is essential to achieve a good correlation between prediction and test. FASTRAN
analyses employed a variable-constraint approach, ranging from plane-strain to plane-stress conditions at
a thickness-dependent location in rate. The constraint-loss regime was a function of thickness and was
determined based on the spectrum test results. Spectrum tests and analyses generally agreed to within
about £25% (Figures 9.6-8 through 9.6-12). This work is a significant advance in understanding the
complex fatigue-crack-growth behaviour in representative aircraft configurations, materials, and loading
conditions.



ICAF 2019 — UNITED STATES NATIONAL REVIEW FOR 2017-2019 — FINAL — PAGE 9/46

Table 9.6-4.

P@Beveled holes

k—C—

—w—,

Y

BFS

(a) Compact

—»

2c
2w

!

S

(b) Middle-crack
Figure 9.6-6. Crack Configuration Tested and Analyzed

Middle-Crack-Tension, M(T), Specimen Test Schedule Under Constant-Amplitude Loading
Material | Thickness, | Width, 2w, Stress Number of
(a) B, mm mm ratio, R tests
0.1 1
7075-T6 2 96.5
0.7 1
7249 01 !
T76511 2 96.5
0.7 1

(a) Five (5) M(T) specimens of each alloy provided by Australian DSTG
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Table 9.6-5. M(T) Specimen Test Schedule Under Modified P-3C Spectrum Loading

. | Thickness, | Width, | P-3C Spectrum Maximum Number
Material stress,
B, mm | 2w, mm | (~300,000 cycles) MPa of tests
128 2
7075-T6 2 96.5 FSFT15TT.dat
156 1
128 1
2 96.5 FSFT15TT.dat
156 2
156 1
7249- 3.2 (a,b) 89 FSFT15TC.dat
T76511 215 2
94 1
6.35 (b) 89 FSFT15TC.dat 118 1
142 1
18+ FSFT15TT dat
Crack-opening stress ratio
0.8
Constant
06 4 amplitude
pre-cracking
normalized stress
Normalized
stress el Srmax
0.2 S,
Smin
0.0
R=0.01
0.2 T T |
0 5000 10000
N, cycles

Figure 9.6-7. Modified P-3C Spectrum for Tension-Tension Loading
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i Spectrum:
FSFT15TT . dat
3 (Noresidual stress ?) o Visual
P3US-56 a® o
30 |- Smax = 196 MPa Visual
25 L FASTRAN (Residual stress ?)
Calculation P3US-58
Crack 0 Shiax = 156 MPa
length,
c, mm 7249-T76511
15 B=2mm
M(T):
2w =985 mm
10 ¢; = 6.35 mm
el ity = 1.85 (Raley = 7e-7 m/cycle)
Us = 1.00 (Rate, = Se-6 m/cycle)
D M 1 i ] i | i |
0 1e+6 2e+6 Je+6 de+6

N, cycles

Figure 9.6-8. Calculated Crack Growth Under Modified P-3C Spectrum Loading at
High Applied Stress on 2-mm Thick 7249 Alloy

[ Spectrum:

FSFT15TT.dat
35 a

P3US-55

S, hax = 128 MPa * Visual
30 a

FASTRAN (Residual stress ?)
25 I Calculation

7249-T76511

Crack B <o
length, 20 Test M(TT}' mm
c, mm :
2w =96.5 mm
15 ¢; =6.35 mm

10
o4 = 1.85 (Rate, = Te-7 m/cycle)
4
5F a5 = 1.00 (Rate, = Se-6 m/cycle)
G i 1 1 1 1 /| L l
0 1e+6 Za+t Je+6 da+t
N, cycles

Figure 9.6-9. Calculated Crack Growth Under Modified P-3C Spectrum Loading at
Low Applied Stress on 2-mm Thick 7249 Alloy
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40  7240-178511 ASIP 2013
B=32mm

35 L M(T) 2w=89 mm |
FSFT15TC.dat

Smax = 156 MPa :
!
i
-z | Constant ;

30 F

Crack a= 185 ’
length, 20 | ! V A Measured (FTA)
c, mm o Visual
. FASTRAN:
15 ] == Constant (o = 1.85)
: Actual spectrum
10 i L S Target spectrum

w4 =1.85 (Ratey = Te-T m/cycle)
1, = 1.00 (Rate, = 1e-56 m/cycle)

U 1 | ] | 1
0 2e+5 4e+5 Be+5 Se+5 1e+8

N, cycles

Figure 9.6-10. Calculated Crack Growth Under Modified P-3C Spectrum Loading at
Low Applied Stress on 3.2-mm Thick 7249 Alloy

Spectrum:
% | ESF_T15T§.dat_ MTS:
y=1.85 0w, =1.0 - Sax = 94 MPa
MT1: %, }
35 | S,a = 142MPa | Smax=118MPa
a0 Visual
Crack
FASTRAN
25
length, =" Calculation
¢, mm
20
L T249-T76511
B =6.35mm
10 M(T): 2w = 89 mm
Pt c;j=6.35mm
5 | I 1 ]
0.0 5.0e+b 1.0e+6 1.5e+6 2.0e+6

N, cycles

Figure 9.6-11. Calculated Crack Growth Under Modified P-3C Spectrum Loading at
Various Applied Stress Levels on 6.35-mm Thick 7249 Alloy
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Spectrum:
FSFT15TT.dat )
sz | Somax = 156 MPa 7249-T76511
¢ Visual
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o Lo B B 0 Visual
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Crack 29[
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¢, mm

20

15
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| ] | 1 |

Figure 9.6-12. Comparison of Spectrum Crack Growth for 7075 and 7249 Alloys

9.6.5. AFGROW Training

James Harter, LexTech Inc.

A four-hour AFGROW training class will review the features/capabilities in the new release
(Version 5.3) and include a basic overview of the Linear Elastic Fracture Mechanics (LEFM) methods
used for life prediction purposes. The latest (64 bit) release of AFGROW has the following new
capabilities: Advanced bearing load solution for one or two through-the-thickness cracks at a hole in a
plate; Out-of-plane bending option for users to set the axial fraction desired for solution; Multiple crack
growth rate data tables as a function of environment (temperature, humidity, etc.); Ability to input tabular
crack growth rate data for two, orthogonal crack growth directions; XML spectrum format (allows
spectrum level tags for environment or to track associated damage); K-solution for a corner crack at the
“knee” of a countersunk hole; and New weight function solutions. These capabilities are demonstrated,
and the practical limitations for the use of LEFM are discussed.
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9.6.6. Training: How to Use the Crack Propagation Analysis Tool for 3D Crack Simulation
Matt Watkins, Engineering Software Research & Development (ESRD), Inc.

This two-hour course will provide instructions for using the Crack Propagation Analysis Tool
(CPAT) to simulate 3D crack growth at a fastener hole in a fatigue test specimen. Residual stresses due
to cold-working of the hole are taken into account. CPAT provides an easy-to-use interface which
significantly reduces the manual effort involved in complex crack growth simulations using the finite
element method. Finite element solutions are computed using the StressCheck solver, renowned in the
aerospace finite element analysis community for extracting high quality stress intensity factors (SIFs) for
complex parts and assemblies. Demonstrations of the software will focus on features and capabilities that
are particularly suited to the ASIP community, including error and uncertainty propagation throughout the
crack growth simulations. Attendees will receive an evaluation copy of the CPAT software. The
following is a break-down of the topics to be explored: 1. Overview of Simulation Apps and their
relevance. 2. Instructions for the CPAT user interface and feature set. 3. Description of how the tool
works “under the hood”, including the basic algorithm and communication with StressCheck through the
StressCheck COM API. 4. Instructions for how to use CPAT to assess the effect of error and uncertainty
propagations, with examples of solved cases. 5. Q&A Session.

9.6.7. T-38 Talon Finite Element Model Overview

John Taylor, Northrop Grumman Corporation

The Northrop Grumman T-38 Talon (Figure 9.6-13), sister to the F-5, is a supersonic jet aircraft
primarily used by the USAF for pilot training. The T-38 ASIP program develops and maintains a full
aircraft NASTRAN FEM (Figure 9.6-14) that was developed over a decade by a small engineering team.
The FEM began as a first order beam and shell mesh with a six-inch nominal element edge length, and
over time the FEM has been developed into a fully-parts separated model with one-half-inch nominal
guad element length. Loading is based on CFD results (Figure 9.6-15), and the FEM results are
compared to strain gauge readings from full-scale fatigue test results (Figure 9.6-16) and analyzed
statistically (Figures 9.6-17 through 9.6-19). Fastener flexibility is modeled using CBUSH elements, and
some nonlinear effects are approximated and incorporated into the linear FEM. The technical activity
describes the development of the FEM, the validation and verification approach including statistical
correlation to test data, and the role of the FEM as an ASIP tool.
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Figure 9.6-13. T-38 Talon

T-38 FEM 2008-09, 4" year
Degrees of freedom: ~144,000

T-38 FEM 2017-18
Degrees of freedom: ~12 million
62 static cases: >50 GB output

Figure 9.6-14. T-38 Finite Element Model Evolution
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CFD loads
applied to FEM

FEM air pressure loads
(nodal forces)

Measured Strain

P

Motes: Consistent scales used for all plots. FEM pressure plots show banding but actual FEM loading vares continucusly.

| Air Loads Recreated Using CFD, Mapped to FEM |

Figure 9.6-15. FEM Loads Recreated Using Modern Tools
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Figure 9.6-16. FEM Correlation with Fuselage Gauge Data



ICAF 2019 — UNITED STATES NATIONAL REVIEW FOR 2017-2019 — FINAL — PAGE 9/54

a5 - e a5
Avera Difference Strain : Correlation (|R
el Hﬂﬁp 4:‘; :-l"-]s;‘ i 40 on (|R]) Ave: 0,885
e 5D: 0.215
25 i 2 N: 215
] i
Early Test Stages £ Early Test Stages
&S0 |- & 2 2 e
15— = —) FE—. — - =
10
G = 5
025 03 035 04 05 »0.5 o T !
w3399 | 09993 | pan uasc_l gows | ass Josm [ e Qoo [ oo | os
—_— 7 il T Y Frll ST )Dl:‘j!Jl:s}]!
Pogt l_Ld,] [ 50 Mizcellaneous Gauges from Phase 11 on were included. I
., Average % Difference Strain Ave: 0.185 a0 £nmelatmnﬂ81] S
T ; 0: 0,108 3
= — N: 148 ;
m — —a
5
Ti g
Te
2 Re
o - L ...
0.1 =05 -
el 0 [ e | 3 | ®m [ w | s | o | = ) 3= | w | a4 |
Goad Fair Pc_mr | Bad | E 50 Miscellaneous Gauges from Phase 11 on were included. I

Figure 9.6-17. Statistical Analyses of FEM Correlation with Fuselage Gauge Data

Data includes all
known bad gauges

% Difference Histogram

»
= Aopw: B0
LR BT
51‘ H: 181
o
k]
Eli
1 1
5
]
Bonpe QL 0LF D3 X R} DK Q4 05 FOE
W DEfereace in Strsin
Good Fair Poor Bad

Correlation (|R|) Histogram

L L]
Ty
(R

an | on | ab
® | m | .

L
’
P
ol o
." A
# i td
P Lo”
# -
. #
f'.. f’f
."f 'J"
a.",’ l',.ur""
o
e #
= e 1A
g 't r il
w N
L
L1 | £
5 L 3 1 - .
2 7 48 Prediction
o - ¥ 1
s — =
Ell"i WI" ‘.:; (4
| Predigtion : |
-
“,o" ‘
l," '!T [ [Lwr Main 'L'iflllll, .<'.1'~Ii"||
o -~ Strain Threshold Bax
;‘
Predicted Strain
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Figure 9.6-19. Statistical Analyses of FEM Correlation with Wing B Gauge Data

9.6.8. Pros and Cons of 3D Crack Growth Simulation Using Finite Elements
Matt Watkins and Ricardo Actis, Engineering Software Research & Development (ESRD), Inc.

Recent advances in fatigue crack growth simulation technology make it possible to predict crack
size and shape as a function of load cycles for more complex structural configurations than previously
possible. These technology advances, often based on computing stress intensity factors (SIFs) using the
finite element method (FEM), allow the removal of many of the limiting assumptions previously required
for analysis but also introduce new sources of error (the errors of approximation) which must be
considered and controlled for effective use of numerical simulation in the prediction of fatigue life (Table
9.6-6). This technical effort will show the results from a series of numerical simulations designed to
guantify the influence of relatively small approximation errors in the fatigue crack growth prediction.
The various techniques used in practice for extracting stress intensity factors (SIFs) from the finite
element solution, such as the crack closure technique (CCT) (Figure 9.6-20), virtual crack closure
technique (VCCT) (Figure 9.6-21), energy release rate (Figure 9.6-22), J-integral (Figure 9.6-23), and the
contour integral method (Figure 9.6-24), will be compared in terms of the relative error and the level of
effort involved in the verification of the computed values of SIFs. Additional simulation results will be
shown to quantify the effect of assuming a predefined elliptical crack shape throughout growth and the
effect of geometry idealization with compounding beta factors, when compared with unconstrained
simulation-driven crack shapes computed using 3D FEA with fewer geometric simplifications (Figure
9.6-25). Software-independent results will be presented based on Round-Robin exercises proposed by the
Engineered Residual Stress Implementation working group (ERSI) Analysis Methods Subcommittee. It
is concluded that predictions from various crack growth models solved using FEA can only be compared
to one another when the approximation errors are properly quantified and controlled (Table 9.6-7). Only
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then is it possible to use the outcome of validation experiments to rank the predictive performance of the
models taking into consideration the aleatory uncertainties associated with model input parameters.
Quantification of the uncertainties that exist in the quantities of interest estimated by numerical simulation
is an essential requirement for validation efforts and risk assessment, especially when crack propagation
models include the effects of residual stresses, closure, and retardation. The technical effort results will
benefit the fatigue crack growth community at large by providing evidence-based guidance on the choice
of discretization parameters and SIF extraction procedures when using FEA-based computations that meet
objective measures of accuracy. This in turn supports informed decisions regarding the pros and cons of
selecting legacy crack growth models or more complex FEA solutions based on accuracy requirements,
simulation time requirements, and risk assessment.

Table 9.6-6. Sources of Error for Crack Growth Model

Sources of Error — Crack Growth Model

Aleatory Epistemic Numerical
(random) (model-form) Approximation
Initial stresses before CX Driver of c_rack Computation of SIFs with
propagation RS
Residual stresses after Direction of crack Computation of SIFs
CX extension remote load

Interpolation and fitting of ~ Numerical Integration to

da/dN-AK data test data find AN

Number of control points

Model parameters Crack shape to define the crack shape

o Compute the ERR using stresses before the crack tip is extended
(1), and displacements after it was extended (2).

o Cons:
* Requires the solution of two problems (two crack lengths).
* Requires the integration of stress between the crack tip and the Aa.

Aa
IJ:.“(.\‘)Hif}(.\'}!(h'
AW, %" :

G, = lim =
a0 1 Ay Aa

' L
Extended crack

Extended crack

[ |

Figure 9.6-20. Crack Closure Technique (CCT)
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o Requires self-similarity of crack front: for curved cracks this is only
valid as Aa - 0

o Pro: Compute the ERR using stresses and displacements from one
solution (one crack length only).
o Cons:
* Requires the integration of stress between the crack tip and the Aa.
» Competing requirements for accuracy.

e Eﬂe“dﬂdﬂf?
(1) i (L) n § i
) _[0". (x)u " (x—Aa)rdx -
: ;o DNPEE N : ~msis
G, = lim = oAl
il 4 Adr Original crack x -

P

: -Aa

Figure 9.6-21. Virtual Crack Closure Technique (VCCT)

o Suppose that some small length ¢ is excluded from the ERR
computation, due to approximation errors of the point singularity.

o There is substantial influence on the computed error in ERR.
o This is difficult to circumvent with the FEM, even when using highly

graded meshes.
o Con: solution verification is difficult.

) o -
¥ H=x—-Aa >

001

Figure 9.6-22. Energy Release Rate
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o The J-integral circumvents some of these limitations

o Con: Path-area independence in 3D
« Dependency on integration radius for path integral.

o Pros:

e The area integral contribution goes to zero quickly with the integration radius.
e The path integral avoids singularity approximation issues.
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Figure 9.6-23. J-Integral

a Contourintegral method (CIM) takes advantage of known exact

solution near crack tip.

o Con: Not path independent for 3D curved cracks, has dependency
on integration radius R which goes to zero as R - 0.

o Pros:
e Superconvergent

* The path integral avoids singularity

approximation issues.

Figure 9.6-24
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a Pros:
» Closed-form solutions can be evaluated very quickly.

» Exact solutions of geometrically-simplified LEFM problems are similar to
their 3D general counterparts.

o Con: Itis more difficult to take RS into account.

10.0
9.0 1.1x
8.0 !
7.0
6.0
50

4.0
Newman-Raju single corner crack at a 3.0

hole solution, computed with AFGROW,
courtesy of Scott Prost-Domasky (APES,
Inc.). Residual stress not included.

Cycles (1000)

20U
1.0
0.0 —

3D FEA Corner Crack Betas

Figure 9.6-25. Beta Compounding

Table 9.6-7. Summary of Results

Aleatory Residual stress +10% 0.4t0 5.0
(random) variation +5% 0.6to 1.6
Crack shape General or ellipse Ellipse: 1.5
Remote load distance 1 to 3 widths 0.55t0 1.01
Epistemic Stress/strain field Plane stress/strain, Plane strain: 1.0
(model-form) or mixed Plane stress: 1.4
Analytical beta Corner crack at 11
factors hole with no RS ‘
Computation of RS +5% 0610 1.6
SIFs
Numgncal Computation of +5% 0510 2.0
approximation mech. SIFs
da/dN integration 1% to 6% 0.96 0 1.03

(step size)
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9.6.9. Development of an Aircraft Component Remaining-Useful-Life Evaluator Based on Actual

Usage

Paul Fithian and Chad deMontfort, Mercer Engineering Research Center (MERC); Paul De
Cecchis, USA; Casey Carter, PeopleTec Inc.

Mercer Engineering Research Center (MERC) was tasked to develop a web-based Aircraft
Component Remaining-Useful-Life Evaluator (ACRULE) tool for the United States Army. This
engineering analysis tool calculates the remaining useful life (RUL) for airframe and dynamic
components critical to the UH-60M rotorcraft given an actual or theoretical usage history (Figure 9.6-26).
In support of the airframe RUL calculations, MERC is developing a finite element model (FEM) (Figure
9.6-27) of the UH-60M rotorcraft to be used for stress spectra development (Figure 9.6-28) and fatigue
analysis using strain-life methods. Existing UH-60M raw data files from the Health and Usage
Monitoring System (HUMS) are processed through regime recognition algorithms and the resulting
regime sequence is incorporated into ACRULE to determine the damage accumulated on a preflight basis.
Mission profiles and fleet-wide or sub-sampled usage statistics can also be investigated by the end user
for insight into the effects of usage changes and to provide more accurate maintenance forecasting. The
Army will be able to access ACRULE through the Aging Fleet Integrity & Reliability Management —
Multi-Platform (AFIRM-M) website hosted at MERC. The interfaces will provide the Army the
capability to evaluate the damage per regime and flight for a component along with the effects of specific
regimes on the RUL. The Army will also be able to perform what-if analysis by adjusting the daily flying
rate of a tail number to determine if the desired component end usage date can be met based on the
calculated RUL. ACRULE will provide the Army a tool that can safely update component (Figure 9.6-
29) retirement times (CRTS), increase operational readiness, and reduce weapon system costs. The tool is
designed to be easily expanded to other components and platforms, and provide engineering insight
during all phases of a systems lifecycle, including component design, subsequent fielding, sustainment,
and overhaul or retirement. ACRULE moves away from using the composite worst case mission mix, in
cases where fleet data are available, resulting in more accurate component replacement time predictions.

- - - = Database of regime- Sum damage
Tracking L_ocatlon Sorties ang mission to-component TR SO
Selection mix "
damage flight
Histonica Regime Component How long has the
Fe:ggiﬂcirlom I\él—él\élS/ Recognition from replacement component been on
S -
A RDFs data the airframe?
rmy
Flight Finds flights l
Records with missing Tableau reports
(FMAS) RDFs hosted on AFIRM-M

|

Airframe Components Dynamic Components ™, alternate user-

Fatigue Substantiation { selectable mission mix
Report :

Strain-life/stress-life
fatigue

-60M

.................................................................................................... RULW|th CWCor ]

Stress-spectraat
tracking location

\ -60G «/ti_

o
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PP HH-60G
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0
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Figure 9.6-26. RUL Calculation Process Overview
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* UH-60M FEM Details:
- 1,370,630 nodes
— 996,129 elements
— Primarily shell elements
— Nominal 1” x 1” element size
— Local refinement to 0.1” x 0.1” at strain gage locations
— “Components” connected primarily by RBE3s
— CONM2s in place for various mission configurations
— Model C.G. and G.W. validated against weight and balance reports

Figure 9.6-27. UH-60M Finite Element Model

— 30 hours (5,000 regimes) of prescribed maneuvers and 130 hours
operational data available for developing regime damage rates

— Rainflow cycle count the derived tracking location signal
— Bin cycles into regimes

Time Domaln of Stress Spectrum
By ctab st it niioboiat

“Best Rate of Climb” regimes
overlaid on stress signal at
tracking location

Mazx Stross (kai]

)y L] C) e L] i LS v o s,

VHMS Tima(see)

Figure 9.6-28. UH-60M Stress Spectra Development
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» Tracking Point— Right BL 16.5 Transmission Beam

— Selected as airframe component based on feedback from Army
personneland past experience with USAF HH-60G

FS 343

RBL 16.5

Failure Mode:
Fastener Hole 99

Figure 9.6-29. Airframe Component

9.6.10. Development of Combined Effects Test Methodology for Improved Aircraft Material
Survivability

Christine Sanders, Jim Moran, Attilo Arcari, Ryan McCoy, Edward Sheridan and Edward
Lemieux, USN — Naval Research Laboratory

Corrosion is a leading contributor to the overall cost of maintenance for the DoD. There exists a
plethora of laboratory testing data for the mechanical and corrosion performance of traditional aviation
materials. In spite of this qualification testing, unexpected material failures occur because of the often
damaging combined effects of mechanical stress and with simultaneous exposure to a corrosive
environment (Figure 9.6-30). Currently there are no standard test methods to evaluate material
performance while under simultaneous outdoor exposure and mechanical stress. The Naval Research
Laboratory in Key West, FL is standing up the Center for Corrosion and Atmospheric Structural Testing
(C-CoAST) (Figure 9.6-31) in order to expose and fatigue airframe materials in an environmentally
relevant location which is consistent with the Navy's operational theaters (Figure 9.6-32). This technical
effort reviews the Key West exposure site, recent efforts on correlating site data to operational
environments, and future plans with possible collaboration opportunities.
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Why do systems fail, when we spend so much money on materials

development and qualification?

How materials are qualified: How typical materials fail: Emerging Naval Material Challenges

Mechanical failure of coating
followed by corrosion

New alloys and
composites

Treatments
Lap splice corrosion followed and coatings

by mechanical failure

Mechanical

Materials often fail at interfaces and under multi-modal stressors.
 need to develop the appropriate tools to accurately assess complex material interactions to avoid costly system failures.

Lecation of new
C-CoMST Exposure Site
NAS Key West
Trumbe Point Annex

Combined dynamic mechanical load testing in

i outdoor high UV and high corrosivity environment
High UV Index

. %
g : :‘,A’.r"‘wh:::“ ’
W High UV and high Real time ﬂ

“Blue Water” Exposure corrosivity characterization of
operationally atmospheric cunditionsﬁ“""“”” |

relevant environment during test
: ':l.'{"zi."- e e e

C-CoAST offers combined marine environment exposure and realistic static and dynamic loading with
concurrent atmospheric monitoring.

Site will be used to “calibrate” accelerated and combined effect test chambers.

Figure 9.6-31. Center for Corrosion and Atmospheric Structural Testing (C-CoAST)
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In order to replicate service exposures, atmospheric chemistry and its impact on the surface must first be understood

Engineering Impact Scientific Impact

The C-CoAST is part of a DoD goal to achieve improved accelerated environmental

- An improved understanding of environmentally influenced
testing and qualification

fracture mechanisms is a necessary foundation for the

success of next generation Naval weapon systems
Environmental
Exposure

6™ Generation 7" Generation

I b il
Laboratory mproved chamber testing

Exposure

anf qualification

The Key West C-COAST provides a well characterized sub-tropical marine environment to baseline and correlate chamber tests, and a
proving ground for materials and systems qualification.

NRL looks forward to the opportunity to collaborate on your material survivability projects.

Figure 9.6-32. Multimodal Testing in an Operationally Relevant Environment

9.6.11. Incorporation of High Altitude Environment-Specific Fatigue Crack Growth Rates into
Fracture-Mechanics-Based Life Prediction Methods

James Burns, J. Jones, A. Thompson and M. McCurtrey, University of Virginia

Next generation structural integrity management of airframe fatigue damage can increase
accuracy and reduce over-conservatism by coupling the substantial progress in understanding and
modeling mechanical loading spectra with similar efforts to capture the strong influence of an
environmental spectrum. Linear elastic fracture mechanics (LEFM) modeling is commonly utilized in
airframe structural management and provides the framework for incorporating environmental effects into
fatigue prognosis. Specifically, environment specific fatigue crack growth rate (da/dN) versus stress
intensity range (AK) relationships can be used as inputs into damage tolerant-based predictions (e.g.
AFGROW) of crack progression (Figure 9.6-33). Recent efforts have quantitatively demonstrated orders
of magnitude reductions in the crack growth rates (da/dN) for testing in low temperature (and water vapor
pressure) environments that are pertinent to high altitude flight (Figures 9.6-34 and 9.6-35).
Incorporation of this behavior into LEFM based fatigue life prediction protocols would potentially result
in more accurate life predictions, reduced over-conservatism, and a reduction in the inspection burden.
The mechanistic underpinnings for this behavior has been established to the extent necessary to inform
rigorous transition into the airframe structural integrity management life prediction protocols. This
technical activity provides an overview of the extensive fatigue crack growth rate database developed in
high altitude environments, briefly details the governing mechanistic phenomenon, presents an example
integrating such environment specific data into life prediction modeling using a current LEFM software
(AFGROW) (Figure 9.6-36), and outlines the remaining challenges necessary for incorporation into
structural management programs.
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The basis of LEFM similitude is equal da/dN for equal AK
But environment imposes a third axis for Al in moist gas...

Al+H,0 2 H + Al,O,
Ch = Puao/ f7

Pyoo/

daidM inmdcycn)

TOTS-TeS1/2199-Tae
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Figure 9.6-33. Environment Specific da/dN vs AK Relationship



ICAF 2019 — UNITED STATES NATIONAL REVIEW FOR 2017-2019 — FINAL - PAGE 9/66

These changes will drastically impact the:

Crack Initiation Life

(plotted are the initiation cycles to 500 um from a corrosion feature)
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Figure 9.6-34. Impact of Low Temperature on Crack Initiation Life

These changes will drastically impact the:
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Figure 9.6-35. Impact on Low Temperature on Overall Fatigue Life
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Can LEFM models accurate predict life with
accurate env-specific rates?
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Figure 9.6-36. Integrating Environment Specific Data into Life Prediction Modeling

9.6.12. Predicting Crack Shape Evolution Using 2-D Crack Growth Rate Data
James A. Harter, LexTech, Inc.

A bind round-robin crack growth life prediction effort was conducted in 2017 to assess the
current state of the art in the ability to predict the life and crack shape evolution of corner cracks at open
holes. Participants were provided with all pertinent geometric, loading, and crack growth rate data in the
L-T orientation. After reviewing the results, it was concluded that the life predictions made by the
participants were in good agreement with the test results (Figure 9.6-37). However, the trends shown in
the crack shape were not in agreement.

A follow-on effort was conducted in 2018 to investigate the use of crack growth rate data in two
directions (L-T and L-S) to more accurately model the growth behavior in the two primary growth
directions for comer cracks [1]. Crack growth data from the test effort were used to obtain 2-D crack
growth rate curve fits (Figure 9.6-38). New 2-D life prediction results were compared to results for the
original 1-D growth rate data (Figure 9.6-39). The life predictions were nearly the same, but the 2-D
predictions were in very good agreement with measured crack shape data (Figure 9.6-40).

In this study, the changes in crack shape were relatively small (1.25 — 1.5) and may explain the
minor effect on life prediction. In cases where crack shape change is more significant (e.g., non-
