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Preface

The U.S. Air Force requested the National Research Coun-
cil to identify research and development (R&D) needs and
opportunities to support the continued operation of their aging
aircraft. Specifically, this study focuses on aging aircraft
structures and materials and has the major objectives of

1. developing an overall strategy that addresses the Air
Force aging aircraft needs

2. recommending and prioritizing specific technology op-
portunities in the areas of

e fatigue, corrosion fatigue, and stress corrosion
cracking

corrosion prevention and mitigation

nondestructive inspection

maintenance and repair

failure analysis and life prediction methodologies

The approach that the committee took to accomplish this
study was to conduct working sessions to identify current
aging aircraft problems and technology needs; review on-
going and planned aging aircraft R&D efforts by the Air
Force; and review related research at other government agen-
cies, within industry, and in the academic research community.

The committee conducted a total of six meetings, prepared
an interim report (NMAB-488-1), which was released in March
1997, and prepared this final report. In addition, numerous
data-gathering discussions were held between individual com-
mittee members and various individuals from within the Air
Force’s research, engineering, logistics, and operational organi-
zations. The purpose of the first meeting held at the Wright
Aeronautical Laboratories, Wright-Patterson AFB, Ohio, was to
review current and planned laboratory programs that are part of
the Air Force aging aircraft program. The purpose of the second
meeting, held at the San Antonio Air Logistics Center, Kelly
AFB, Texas, was to identify the common problems associated
with maintaining and operating aging systems and to review the
applied R&D efforts under way at the Air Force air logistic
centers (ALCs). Representatives from the five ALCs (ie.,
Warner-Robins, Oklahoma City, San Antonio, Ogden, and Sac-
ramento) participated in the meeting. At the third committee
meeting, held in Washington, D.C., the committee reviewed
ongoing and recently completed basic research programs at the
Air Force Office of Scientific Research and developed the
preliminary findings for the interim report. The fourth meeting
was held in Irvine, California, at which time the committee
reviewed related research being conducted by the National

Aeronautics and Space Administration and the Federal Avia-
tion Administration, finalized the interim report, and began
developing recommendations for an overall aging aircraft
strategy and identifying future research opportunities. At the
fifth meeting, which was held in Washington, D.C., the
committee reviewed related research being conducted by the
Navy and received briefings on the F-15 aircraft structural
history and on the aging of advanced composite structures. In
addition, the committee continued their discussions on rec-
ommended strategy, research opportunities, and an approach
for the prioritization of these opportunities. The sixth and
final committee meeting was held in Washington, D.C., for
the purpose of finalizing the prioritization of research oppor-
tunities and reviewing the initial draft of this final report.

The interim report that was released in March 1997 was
prepared at the request of the Air Force research community
and included the committee’s preliminary technical assess-
ment of the Air Force current aging aircraft R&D program.
The report provided a description of the Air Force’s aging
aircraft problem from the force management perspective, a
preliminary assessment of the force management process and
its needs, a discussion of the key technical issues and apparent
R&D needs, and a preliminary assessment of the current
aging aircraft R&D program along with suggested areas of
improvement and changes in emphasis.

As was pointed out in the preface to the commitiee’s interim
report, it became apparent very early in this study that the overall
strategy to address the Air Force’s aging aircraft needs must
encompass much more than R&D needs and opportunities.
There are anumber of overarching engineering and management
issues that also need to be addressed. These include issues
involving the force management process, the continued enforce-
ment of the Air Force’s Aircraft Structural Integrity Program and
its supporting structures and materials specifications, the need
to update the durability and damage tolerance assessments of the
aging aircraft, the need for increased emphasis on identifying
and applying existing technologies to the Air Force’s aging
aircraft problems, the need for stable funding for technology
transition at the Air Force’s ALCs, and the technical skills
needed to support the aging aircraft program. This final report
presents an overall strategy that the committee believes ad-
dresses these issues as well as the near-term and long-term
research and development needs and opportunities.

Charles F. Tiffany, Chair
Committee on Aging of U.S. Air Force Aircraft
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Executive Summary

The U.S. Air Force has many old (20 to 35+ years) aircraft
that are the backbone of the total operational force, some of
which will be retired and replaced with new aircraft. How-
ever, for the most part, replacements are a number of years
away. For many aircraft, no replacements are planned, and
many are expected to remain in service another 25 years
or more.

To varying degrees, all of these older aircraft have encoun-
tered, or can be expected to encounter, aging problems such
as fatigue cracking, stress corrosion cracking, corrosion, and
wear. Through the Aircraft Structural Integrity Program
(ASIP) and through durability and damage tolerance assess-
ments (DADTAS) of older aircraft, the Air Force has already
identified many potential problems, developed individual
aircraft tracking programs, developed force structural main-
tenance plans, and taken maintenance actions to ensure safety
and extend aircraft life. The Air Force has also initiated an
aging aircraft research and development (R&D) program
intended to support ASIP and address identified needs in the
areas of widespread fatigue damage, corrosion—fatigue inter-
actions, structural repairs, dynamics, health monitoring, non-
destructive evaluation and inspection, and various aircraft
subsystems.

The National Research Council Committee on Aging of
U.S. Air Force Aircraft was formed to (1) identify Air Force
aging aircraft needs and an overall strategy that addresses
these needs and (2) recommend and prioritize specific tech-
nology opportunities, complementary to the efforts of indus-
try, the Federal Aviation Administration, the National
Aeronautics and Space Administration, and international or-
ganizations. The topics asked to be considered by the com-
mittee include fatigue, corrosion—fatigue interactions, and
stress corrosion cracking; corrosion prevention and mitiga-
tion; nondestructive inspection; maintenance and repair; and
failure analysis and life prediction technologies.

This report provides the committee’s findings, including
(1) a description and assessment of the Air Force aging
aircraft problem and the force management process, (2) a
detailed summary of the structural status of the aging force,'
(3) adiscussion of key technical issues and R&D needs, (4) a
recommended overall strategy to address the Air Force aging
aircraft problem, (5) recommendations for near-term

! Appendix A contains synopses of structural histories of Air Force-sup-
ported aircraft.

engineering and management actions, and (6) prioritized
near-term and long-term research recommendations. The
committee’s primary focus was on the deterioration of the
metallic alloys used in the Air Force aging aircraft. Emerging
issues concerning polymeric composite primary structures
used in the Air Force’s newer aircraft (e.g., the B-2 and F-22)
are discussed in the final chapter of the report.

CONCLUSIONS

The challenge to the Air Force management and technical
community is to meet the following objectives related to
aging aircraft:

Objective A. Identify and correct structural deterioration that
could threaten aircraft safety.

Objective B. Prevent or minimize structural deterioration that
could become an excessive economic burden or could ad-
versely affect force readiness.

Objective C. Predict, for the purpose of future force planning,
when the maintenance burden will become so high, or the
aircraft availability so poor, that it will no longer be viable to
retain the aircraft in the inventory.

Safety

The structural safety of the Air Force’s aircraft is vitally
dependent on damage tolerance requirements that have been
imposed through military standards and specifications as part
of ASIP. These requirements allow the designer to use either
of the following two design approaches:

e Fail-safe design. This approach, which relies on mutti-
ple, redundant load paths or crack arrest features, is
used in commercial aircraft design and for most of the
Air Force’s large aircraft.

o Safe crack growth design. This approach has been used
for much of the structure in high-performance combat
aircraft where weight is a significant consideration.
Engineering analysis must demonstrate that the maxi-
mum probable nondetectable initial manufacturing
flaw will not grow to critical size (i.e., the size required



to cause failure) in any critical structural area during the
operational life of the aircraft.

The committee concludes that, with increasing age and
with changes in operation (or aircraft configuration) that
increase the severity of the operational stress spectrum, the
primary threats to structural safety arise from

o the onset of widespread fatigue damage (WFD) in
fail-safe-designed structures

o theinexorable increase in the number of fatigue-critical
areas in safe-crack-growth-designed structures and the
potential for missing new areas as they develop

The primary technical needs for fail-safe designs are

e improved methods of predicting the onset of WFD in
an accurate and timely manner. This involves the pre-
diction of initiation and growth of small fatigue cracks
(or the interpretation of full-scale fatigue test data and
service fatigue data), the prediction of fail-safe residual
strength, and the evaluation of the potential effects of
environmentally induced corrosion on crack initiation
and growth and residual strength.

e development and implementation of nondestructive
evaluation (NDE) techniques that can rapidly detect
small fatigue cracks over large areas of the structure
prior to the onset of WFD. Methods to detect second-
or inner-layer cracks and hidden corrosion that could
lead to the initiation of cracks would be included.

The primary technical needs for safe crack growth struc-
tural designs are

e to identify the next most probable fatigue-critical areas
in the structure through careful evaluation of past full-
scale fatigue test results, service experience, service
loading data (including dynamic loads), design details
(including potential areas for hidden corrosion), and the
results of stress analyses and strain surveys

¢ toperform simulative testing and crack growth analyses
to establish safety limits and safety inspection require-
ments for all critical areas

e toinvestigate the potential effects of corrosion on those
factors that could affect safety limits and safety inspec-
tion requirements

e to continue to improve methods of identifying fatigue-
critical areas and flight load conditions to continue to
improve NDE techniques that are sensitive enough to
detect small cracks in multilayered and hidden struc-
tures to support safety inspections

Economics and Readiness

The economic burden associated with the inspection and
repair of fatigue cracks can be expected to increase with age

AGING OF U.S. AIR FORCE AIRCRAFT

until the task of maintaining aircraft safety could become so
overwhelming and the aircraft availability so poor that the
continued operation of the aircraft is no longer viable. In
addition, corrosion detection, repair, and component replace-
ment can add significantly to or, in some cases, dominate the
total structural maintenance burden.

The committee concludes that the major emphasis of the
Air Force’s technical and force management with regard to
corrosion and stress corrosion cracking (SCC) should be
focused on the early detection of corrosion and the implemen-
tation of effective corrosion control and mitigation practices
so as to drastically reduce unscheduled repairs and replace-
ment costs and aircraft downtime. Key technical issues and
operational needs include

¢ the development of improved NDE techniques for the
detection and rough quantification of hidden corrosion

e the classification of corrosion severity to provide guid-
ance for maintenance

o the generalized application of corrosion-preventive
compounds and the development of corrosion-preven-
tive compounds that can be applied on external surfaces
to protect unsealed joints and fasteners

e the development of a material and process substitution
handbook and engineering guidelines for the replace-
ment of components exhibiting corrosion and SCC with
more-tesistant materials and processes

e the development and application of materials and proc-
esses to inhibit SCC

e the development of technologies for the removal, sur-
face preparation, and reapplication of surface finishes
with improved corrosion-resistant finishes on existing
aircraft

o the assessment of the potential use of the dehumidified
storage of aircraft, where practical

The committee believes that fatigue cracking will occur
eventually on all aging aircraft as flight hours increase. From
an economic standpoint, the major impact for a fail-safe-
designed structure occurs with the onset of WFD. For safe-
crack-growth-designed structures, the major impact occurs
when the structure exhibits a rapid increase in the number of
fracture-critical areas. In both cases, a choice must be made
to undertake major modifications, structural replacement, or
retirement. Although it may not be possible to avoid reaching
this point for any given aircraft, operational changes such as
fuel management, gust avoidance, active or passive load
alleviation systems, reduced pressurization, and flight restric-
tions to minimize flight in severe mission segments can
reduce the rate of fatigue damage and delay expensive repair-
replace-retire decisions. For aircraft that are approaching
their economic service limit, these options should be consid-
ered to allow time for modification or replacement acquisition
programs.




EXECUTIVE SUMMARY

Force Management and Predicted Economic Service Life

The Air Force modemization planning process includes
the essential elements for force structure planning and man-
agement, but, to be completely effective, it should significantly
improve estimates of the probable economic service life of
aging aircraft systems. There is no clear definition of all of
the cost elements that contribute to the economic service life
of an aircraft, nor is there a precise methodology for estimat-
ing when the costs of operating and maintaining a system will
be high enough to warrant replacement. The committee be-
lieves that the development of an estimate of economic serv-
ice life with metrics that integrate the effects of structural
deterioration (i.e., from fatigue and corrosion) with economic
considerations is essential to force management.

Future Structural Issues

Metallic alloy structures make up the vast majority of the
airframes in the Air Force aging aircraft. However, more-recent
aircraft have significant quantities of primary flight controls
(C-17) and primary airframe structures (B-2, F-22) constructed
from carbon-fiber-reinforced polymeric composites. Although
limited Navy and commercial aircraft service experience with
composite laminate primary structures has indicated very few
occurrences of damage in primary structures, the Air Force needs
to continue to monitor the performance of their composite
components. Potential degradation mechanisms to monitor in
the future for composite structural applications include (1) the
development of transverse matrix cracking resulting from me-
chanical, thermal, or hygrothermal stresses; (2) the growth of
impact damage under fatigue loading; (3) the growth of manu-
facturing-induced damage, especially from fastener installation;
or (4) the development of corrosion in adjacent metal structures.
The committee recommends that the Air Force undertake long-
term research to monitor potential deterioration of composite
structures, including the development of improved NDE meth-
ods, and to develop or improve maintenance and repair technolo-
gies, especially for composite primary structures.

RECOMMENDATIONS

The committee recommends that the Air Force adopt a
three-pronged strategy that includes (1) near-term engineer-
ing and management tasks, (2) a near-term R&D program,
and (3) along-term R&D program. Engineering and manage-
ment tasks are near-term actions (within three to five years)
to improve the maintenance and force management of aging
aircraft. Supporting the near-term engineering and manage-
ment tasks are the near-term R&D efforts that the committee
believes should be performed under the direction of Air Force
laboratories or by supporting contractors and academic insti-

tutions. The long-term R&D program includes those efforts
that the committee believes will take longer than three to five
years to achieve a mature technology that could be adopted
by industry or the Air Force air maintenance organizations
but nevertheless should be initiated now or continued if they
already have been initiated.

Near-Term Engineering and Management Tasks

The Air Force postproduction force management process,
involving the implementation of inspections and modifica-
tions derived from the ASIP tasks and the results of DADTAs,
has been a huge success in protecting the structural safety of
the force aircraft for more than two decades. However, the
committee is concemned that the extended use of old aircraft,
coupled with the potentially adverse effects of reduced mili-
tary budgets; reduced manpower; grade structure limitations;
increased reliance on contractor maintenance; the elimination
or relaxation of military regulations, standards, and specifi-
cations; and possible complacency of Air Force management,
may make this past success rather fragile. The committee
believes that it will take aggressive Air Force management
and engineering actions to counter this deterioration in capa-
bility and loss in ASIP oversight and to prevent further
deterioration in the future. The Air Force should continue to
enforce ASIP and maintain sufficient resources to track the
force aircraft, to keep DADTAs up to date, and to keep
corrosion and stress corrosion cracking from becoming a
structural safety issue. Also, sufficient resources should be
maintained in R&D to support and improve the aging aircraft
engineering, inspection, and maintenance and repair activities.

The committee identified the following engineering and
management tasks. With the exception of the technology
transition task, which is considered to be a continuous effort
throughout the life of a weapon system, all of the near-term
engineering and management tasks should be accomplished
within five years.

o Update of durability and damage tolerance assess-
ments (DADTAs). The committee recommends that the
DADTAs of Air Force aircraft be periodically updated.
In general, an update about every five years is appro-
priate. For Air Force-supported aircraft, the aircraft that
should be given highest priority for DADTA updates
include the A-10, F-16, U-2,2 and T-38. The contractor
logistics-supported, large commercial derivative air-
craft that should be given highest priority for structural
review are the high-use C-18, C-22, and possibly the
VC-137. In addition, the committee recommends that
damage tolerance surveys be conducted for utility and

2The U-2 was developed for the government and is logistically sup-
ported by Lockheed-Martin.




commuter class commercial-derivative aircraft to de-
termine the needfor DADTAs.

Update of force structural maintenance plans and in-
dividual aircraft tracking programs. Following the
completion of the updates of the DADTAs (1) the
inspection and modification requirements in the force
structural maintenance plans should be updated to re-
flect any changes in the baseline operational spectra and
any additional critical areas that were identified, and
(2) an individual aircraft tracking program for each
aircraft weapon system should be updated to reflect
additional critical areas that need to be tracked.

Stress corrosion cracking (SCC) assessments. The
committee recommends that the Air Force include an
assessment of the vulnerability of each of their aging
aircraft to structural failure caused by SCC or SCC
combined with fatigue as part of the proposed DADTA
updates. Specifically, it is suggested that (1) stress
corrosion critical areas be identified based on past
service experience, the susceptibility of the materials to
SCC, grain orientations, and probable levels of both
applied and residual stresses; (2) an evaluation be made
of potential failure modes and consequences of failure
for each stress corrosion critical area; and (3) protec-
tion, inspection, modification, and replacement alterna-
tives be developed as necessary.

Improved corrosion prevention and control programs.
The committee recommends that the Air Force (1) per-
form an internal audit of each of the commercial-deriva-
tive aging aircraft to ensure that the corrosion control
programs are in full compliance with the mandated
programs for the commercial counterparts; (2) review
the detailed corrosion control programs of each of the
Air Force developed aging aircraft and upgrade them
as necessary to a level equivalent or better than the
mandated programs for commercial aircraft; and
(3) evaluate the applicability and cost effectiveness of
dehumidification to reduce the likelihood of corrosion.
Economic service life estimation. The committee rec-
ommends that the Air Force make a concerted effort to
develop a credible service life estimation methodology,
analogous to the cost and operational effectiveness
analysis that is done early in a weapon system acquisi-
tion cycle, as the authoritative guide for supporting
replacement decisions and budget inputs.

Continued enforcement of ASIP. ASIP, as enforced
through MIL-STD-1530 and supporting specifications,
will no longer be placed on aircraft acquisition and
modification contracts because of initiatives to reduce
the use of government specifications in acquisition
programs. The committee recommends that the Air
Force take the lead in pursuing the development of a
National Aerospace Standard to establish enforceable
consensus industry standards for ASIP.
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e Technical oversight and retention of technical capabili-
ties. Reductions in technical capabilities and technical
oversight should be addressed by (1) forming an aging
aircraft engineering resources group to examine and
develop solution options to engineering skill deficien-
cies (quantity and quality) in each of the aging aircraft
disciplines, (2) forming an aging aircraft technical
steering group to monitor and provide guidance to the
various recommended near-term engineering and near-
and long-term research activities discussed in this re-
port, (3) forming five technical working groups (i.e.,
one for each of the five topical areas in the proposed
near-term and long-term R&D programs) to provide the
technical link from basic research through implemen-
tation, and (4) appointing a single knowledgeable and
experienced technical leader responsible for the over-
sight of the aging aircraft engineering and the near-term
and long-term R&D activities.

o Technology transition into aging aircraft. The commit-
tee recommends that generic aging aircraft technology
programs with potential for wide application not be
approved through the Air Force technology master
process unless there is a clear link to an appropriate
technology implementation program. It is critical fo the
success of the aging aircraft program that a seamless
funding-budgeting link be created from development
through application.

Near-Term and Long-Term Research

The committee developed prioritized recommendations
for near-term (to support near-term engineering actions in the
next five years) and long-term (more than five years until
implementation) R&D in five program areas:

e Fatigue (including low-cycle fatigue, high-cycle fa-
tigue, and corrosion/environmental effects):

— despite efforts by the committee to develop research
initiatives to improve the current approach to identify
new fatigue-critical areas (i.e., analysis of full-scale
fatigue test data and service experience), no viable
near-term or long-term R&D activities were identified.
The committee emphasizes the extreme importance of
using all available data and up-to-date stress analysis
methods to accomplish this task during the recom-
mended DADTA updates, particularly for safe-crack-
growth- (i.e., non-fail-safe-) designed aircraft.

— inthe area of low-cycle fatigue of fail-safe designed
aircraft, the committee recommends near-term
R&D to assess the validity of (and if necessary,
develop improvements to) the current approach to
estimate the onset of WFD and longer-term R&D to
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analytically predict the initiation and growth of
cracks to the sizes at onset of WFD

— in the area of high-cycle fatigue, the committee
recommends near-term R&D to improve methods to
determine dynamic response and long-term research
to characterize threshold crack growth behavior,
develop an analytical prediction of dynamic re-
sponse, develop expert systems for the design and
analysis of repairs, and develop dynamic load moni-
toring and alleviation

— in the area of corrosion/environmental effects, the
committee recommends near-term R&D to assess
the effects of prior corrosion on the fatigue crack
growth and fracture behavior of airframe structural
components and long-term fundamental research to
provide an understanding of corrosion degradation
mechanisms

e Corrosion prevention and control. The committee rec-

ommends near-term program emphasis on corrosion
detection and maintenance technology (i.e., how to deal
with existing corrosion) and longer-term emphasis on
the fundamental understanding of corrosion and char-
acterization of corrosion rates and the development and
institutionalization of corrosion prevention and control
practices.
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o Stress corrosion cracking. The committee recommends

that near-term R&D focus on developing data and
documenting results that would lead to affordable up-
grades in SCC prevention and component repair and
modification procedures. The recommended focus of
the long-term R&D is on establishing fundamental
materials and microstructural effects on SCC suscepti-
bility and a basic understanding of SCC mechanisms to
support efforts in SCC prevention.

Nondestructive evaluation. The committee recom-
mends that near-term R&D emphasize the implemen-
tation of advances from related government and
industry programs and an evaluation of NDE reliability
for current methods as they apply to aging aircraft.
Long-term R&D would emphasize the development of
new NDE equipment and the application of computa-
tional methods and simulations in the development and
evaluation of inspection techniques.

Maintenance and repair. The committee recommends
that the primary focus of the near-term programs be to
apply the lessons learned from recent programs (e.g.,
C-141 and battle damage repair) for use at Air Force
maintenance organizations. The recommended long-
term focus is on the development of analytical design,
structural assessment, and life prediction tools for re-
pairs and repaired structures and to develop improved

TABLE ES-1 Priority-1 Near-Term and Long-Term Research Recommendations

Recommendation Description Objective Timing
Fatigue

None

Corrosion Prevention and Control

Evaluate durability of new protective coatings Page 58 B Near term
Basic research in corrosion prevention and control Page 59 B Long term
Basic research in coating durability Page 60 B Long term
Stress Corrosion Cracking

Affordable upgrades in SCC prevention Page 60 B Near term
Evaluation of SCC protection systems Page 60 B Near term
Fundamental research in SCC prevention Page 61 B Long term
Nondestructive Evaluation

Evaluate, validate, and implement NDE equipment and methods ~ Page 64 B Near term
Develop integrated quantitative NDE capability Page 66 B Long term
Automation of wide-area NDE inspections Page 68 B Long term

Maintenance and Repair

None
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TABLE ES-2 Priority-2 Near-Term and Long-Term Research Recommendations

Recommendation Description Objective Timing
Fatigue

Fail-safe residual strength prediction methods Page 50 A Near term
Improve current methods to estimate onset of WFD Page 50 A Near term
Methods to predict dynamic responses Page 52 B Near term
Effect of joint pillowing on fail-safety Page 55 A Near term
WFD crack formation and distribution relationships Page 50 A Long term
Analytical prediction of WFD crack distribution functions Page 51 A Long term
Validation of analytical WFD methods Page 51 A Long term
Crack growth threshold behavior Page 52 B Long term
Analytical methods to predict dynamic behavior Page 53 B Long term
Dynamic load monitoring and alleviation Page 53 B Long term
Effect of environment on growth of small cracks Page 55 A Long term
Effect of flaw morphology on crack growth Page 56 A Long term

Corrosion Prevention and Control

Laboratory test protocol for accelerated corrosion testing Page 57 B Near term
Methods for early detection of corrosion Page 58 B Near term
Corrosion rates for major corrosion types Page 59 B Long term
Stress Corrosion Cracking
Residual stresses and their alleviation Page 61 A Near term
SCC susceptibility of Air Force alloys Page 61 A Near term
Life prediction methods for SCC Page 62 B Long term
Nondestructive Evaluation
NDE automation, data processing, and analysis Page 66 B Near term
Hybrid inspection technologies Page 67 B Long term
NDE to assess composite repairs Page 67 B Long term
Maintenance and Repair
Guidelines to implement advances in bonded repairs Page 69 B Near term
Solid model interfaces to simulate repair methods Page 70 B Near term
Reduce cost of materials and structures substitution Page 71 B Near term
Repair design guidelines for high-cycle fatigue problems Page 71 B Near term
Expert system for design and analysis of repairs Page 71 B Long term
Common database for repair lessons learned Page 72 B Long term
damping materials for repair of structure prone to high- would enable the Air Force to address significant tech-
cycle fatigue. nical problems)
Priority 2: important to improved flight safety (Objective
Priority levels for recommended R&D opportunities were A) or reduced maintenance costs and improved force
established relative to the Air Force objectives (i.c., safety of readiness (Objective B) (i.e., would represent signifi-
flight [Objective A] and maintenance costs and force readi- cant improvement over current solutions)
ness [Objective BY). Definitions of priority categories include Priority 3: advantageous to improved flight safety (Objec-
tive A) or reduced maintenance costs and improved
Critical priority: essential to flight safety (Objective A) force readiness (Objective B) (i.e., would improve ef-
(i.e., would eliminate a substantial threat to flight ficiency or reduce cost of current methods)
safety)
Priority 1: essential to the reduction of maintenance costs There are no R&D efforts identified at this time that are of

and improvement of force readiness (Objective B) (i.e., sufficient magnitude to be categorized as critical priority.
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TABLE ES-3  Priority-3 Near-Term and Long-Term Research Recommendations

Recommendation Description Objective Timing
Fatigue

Effect of corrosion on material properties Page 55 A Near term
Effect of corrosion and corrosive environment on safety limits Page 55 A Near term
Expert systems for high-cycle fatigue repairs Page 53 B Long term
Effect of hydrogen on fatigue crack growth Page 56 A Long term
Corrosion Prevention and Control

None

Stress Corrosion Cracking

None

Nondestructive Evaluation

Advanced technologies to track maintenance trends Page 68 B Long term
NDE for early corrosion detection Page 68 B Long term
Maintenance and Repair

Guidelines on relative lives of bolted repairs Page 70 A Near term
Analysis methods for structural repairs Page 72 B Long term
Damping materials for dynamically loaded structure Page 72 B Long term

However, the committee believes that it is possible that the
recommended DADTA updates, and in particular the high-
priority updates on the A-10, F-16, U-2, and T-38, will
identify critical-priority near-term R&D or engineering tasks.
For example, these could involve the need to develop a
specific inspection technique or a specific type of modifica-
tion for one or more aircraft.

The committee’s priority-1, -2, and -3 near-term and long-
term R&D opportunities are summarized in Tables ES-1,
ES-2, and ES-3, respectively. Each table contains reference
to the pages in the report where the full description, back-
ground information, and justification for each recommenda-
tion can be found. As can be seen from the tables, there are a
total of 9 priority-1 recommendations, 27 priority-2 recom-
mendations, and 9 priority-3 recommendations. The priority-

1 recommendations focus on reducing maintenance costs and
improving force readiness (Objective B), particularly in the
areas of corrosion prevention and control, SCC, and NDE.
Many of the priority-2 recommendations address improving
safety (Objective A) through development of improved meth-
ods to evaluate and analyze fatigue and stress corrosion
cracking. The remainder of the recommendations deal with
improvements in maintenance costs and force readiness (Ob-
jective B). Likewise, priority-3 recommendations address
both objectives.

The 45 recommended research opportunities, when cou-
pled with the 8 engineering and management tasks (which the
committee considers to be essential), will substantially en-
hance the ability of the Air Force to address the aging aircraft
problem and to sustain the forces well into the next century.






PROBLEM DEFINITION AND STATUS
OF THE AGING FORCE

In Part I of the report, the committee provides the basis for
this study of the U.S. Air Force aging aircraft. Chapter 1
describes the background and objectives for the study. Chap-
ter 2 is a summary of force management processes, future
force projections, and an assessment of force management,
including the Aircraft Structural Integrity Program. Chapter
3 describes the current structural status of the aging aircraft

in the Air Force inventory, including Air Force-supported
aircraft and contractor logistics-supported aircraft. Finally,
Chapter 4 identifies the technical issues and operational needs
associated with Air Force aging aircraft that form the basis
for the recommended engineering, management, and research
and development tasks presented in Part IL
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Introduction

BACKGROUND

The U.S. Air Force has many old aircraft that form the
backbone of the total operational force structure. The oldest
are the more than 500 jet tanker aircraft, the KC-135, that were
first introduced into service more than 40 years ago. The
B-52H bomber, the C-130 airlifter, the T-38 trainer, and the
T-37A primary trainer all became operational 35 to 40 years
ago; the C-141 and C-5A airlifters, 25 to 35 years ago; the
F-15 air superiority fighter, the A-10 close air support aircraft,
and the E-3 (AWACS), 20 to 25 years ago; and the F-16
multirole fighter and the KC-10 jet tanker, 15 to 20 years ago.
Of these, only the C-141 is currently being replaced (by the
C-17). Other replacements are in various stages of develop-
ment for the T-37A (by the JPATS), the F-15 (by the F-22),
and the F-16 (by the Joint Strike Fighter). For the most part,
these replacements are a number of years away, and the
program schedules continue to be constrained by and subject
to the vagaries of annual funding cycles. For example, at best,
it will be at least another 15 to 20 years before there will be a
significant number of replacements for the F-16 combat
fighter force. The remainder of the aircraft mentioned above
have no planned replacements and are expected to remain in
service an additional 25 years or more.

To varying degrees, all of these older aircraft either have
encountered, or can be expected to encounter, aging problems
such as fatigue cracking, stress corrosion cracking, corrosion,
and wear. The challenge to the Air Force management and
technical community is to meet the following objectives:

Objective A. Identify and correct problems that could
threaten aircraft safety.

Objective B. Prevent or minimize problems that could be-
come an excessive economic burden or adversely affect force
readiness.

Objective C. For the purpose of future force planning, have
the methodology to predict when the maintenance burden will
become so high, or the aircraft availability so poor, that it will
no longer be viable to retain the aircraft in the inventory.

The Air Force has been aware of these objectives for a
number of years and has, through their Aircraft Structural
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Integrity Program (ASIP) and durability and damage toler-
ance assessments of their older aircraft, already identified
many potential problems, developed individual aircraft track-
ing programs, developed force structural maintenance plans,
and taken many maintenance actions to protect safety and
extend aircraft life. The Air Force has also initiated an aging
aircraft research and development (R&D) program that is
intended to support ASIP and address identified needs in the
areas of widespread fatigue damage, corrosion—fatigue inter-
actions, structural repairs, dynamics, health monitoring, non-
destructive evaluation and inspection (NDE/T), and various
aircraft subsystems (Rudd, 1996).

STUDY OBJECTIVES

The Air Force requested that the National Research Coun-
cil, through the National Materials Advisory Board, conduct
this study with the following specific objectives:

o identify an overall strategy that addresses the Air Force
aging aircraft needs

¢ recommend and prioritize specific technology opportu-
nities in (1) fatigue, corrosion—fatigue interactions, and
stress corrosion cracking; (2) corrosion prevention and
mitigation; (3) nondestructive inspection; (4) mainte-
nance and repair; and (5) failure analysis and life pre-
diction technologies

¢ complement, rather than duplicate, the efforts of indus-
try, the Federal Aviation Administration, the National
Aeronautics and Space Administration, other military
services, and international organizations

To address the overall objectives, the committee per-
formed the following tasks:

o reviewed and analyzed the structural histories, prob-
lems, and force management procedures employed on
the older Air Force aircraft to assist in identifying
research needs and in developing a recommended over-
all aging aircraft strategy

o reviewed and analyzed critical degradation and failure
mechanisms associated with aging aircraft that have
been experienced to date or can be expected to be
experienced in the future



reviewed and evaluated corrosion prevention and miti-
gation procedures and methods that are applicable to
aging aircraft, assessed ongoing research, and identi-
fied additional opportunities

reviewed and evaluated methods for the inspection of
structures for the purpose of assessing the adequacy of
current methods and identified promising advanced
NDE/T methods

reviewed and evaluated repair methods and analysis
procedures for the purpose of identifying possible de-
ficiencies and promising research that could lead to
their correction

reviewed the current state of the art in failure analysis,
life prediction, and structural risk assessment method-
ologies; identified deficiencies; assessed ongoing re-
search; and identified additional research opportunities
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This study emphasized aging of current airframe struc-
tures, especially aluminum primary structures. The important
issues related to the aging of aircraft engine structures were
not included in the committee’s task and would be best
addressed separately in the future.

This report summarizes the committee’s assessment of
the adequacy of the Air Force R&D program, assesses the
force management process and its needs, identifies key
technology issues and R&D needs, identifies and priori-
tizes R&D opportunities, and identifies and develops an
overall strategy that addresses the Air Force’s aging air-
craft needs. The committee prepared a interim report
(NRC, 1997) that focused on a preliminary assessment of
the needs and an assessment of the current Air Force R&D
program. This final report expands on this previous
publication.
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Aging Aircraft Problem

Any discussion of the wisdom of maintaining capital equip-
ment is usually based on economic arguments. For example, if
the cost of maintaining the equipment on a monthly or annual-
ized basis exceeds the capital, interest, and amortization
charges on replacement equipment, the decision to purchase
the replacement is straightforward. Often the replacement
equipment offers an improved productivity as well.

In the case of Air Force aircraft, safety-of-flight considera-
tions also enter into the decision to repair or replace. Fortu-
nately, inspection and maintenance procedures and the
Aircraft Structural Integrity Program (ASIP) have been de-
veloped to reduce the likelihood of structural failure during
the design service life. However, several external political
changes, including the end of the Cold War, have caused the
Air Force to change their approach to force management. As
aresult, the Air Force budget to develop new aircraft systems
has been reduced. Because strategic policies have not been
altered greatly, Air Force managers have concluded that the
only way to meet the mission demands is to extend the service
life of some of their aircraft forces.

Ultimately these factors will impact the force planning
process. The Air Force aging aircraft problem can be best
understood by examining the existing force management
process, future force projections, and the current structural
condition of the many types of aging aircraft in the Air Force
inventory. In this chapter, force management processes and
future force projections are summarized, followed by the
committee’s assessment of the process, including ASIP. A
summary of the current structural condition of the many types
of aging aircraft in the Air Force inventory is provided in
Chapter 3. The committee’s assessments of key technical
issues related to the aging aircraft problem are discussed in
Chapter 4.

MANAGING THE FORCE STRUCTURE
Madernization Planning Process

The Air Force modernization planning process (AFMPP)
is the mechanism for supporting the five core competencies—
air superiority, space superiority, precision employment,
global mobility, and information dominance-—provided by
executive guidance documents. Aircraft systems are involved
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primarily in three of the five competencies: air superiority,
precision employment, and global mobility.

The AFMPP integrates the elements that provide the foun-
dation for the five competencies into a coherent modern-
ization plan that reaches 25 years into the future. The
foundation elements included in the modernization plan are

readiness and sustainment

research, development, test, and evaluation
logistics

information technology

equipment and facilities

manpower

The effectiveness of the aircraft systems (as well as other
systems) in providing those competencies is determined
largely by how well the foundation elements are integrated
and addressed.

The key focus of the AFMPP is “modernization.” Histori-
cally, the Air Force has been the world’s technological leader
in aircraft systems. This has been achieved through a robust
science and technology program combined with frequent
replacement of aging systems with new or modernized sys-
tems. This rapid replacement has slowed significantly in
recent years because of budget constraints and affordability
considerations. The result has been a shift to increased up-
grading and life extension of many systems beyond what was
typically done in the past.

The extended use of many aircraft results in increased
maintenance and repair costs because of structural cracking
and corrosion problems. In most cases, older aircraft spend
longer times undergoing depot maintenance, with a resulting
severe impact on readiness. Furthermore, extended aircraft
service places increased importance on forecasting when the
system must be replaced, either because of obsolescence or
economic reasons (or a combination of both). If a system must
be retired before the expected forecast service life, readiness
could be impacted severely because a replacement system
would not be ready in time to close the gap. Extended produc-
tion lead times and budget exigencies for new systems make
it even more important that the Air Force accurately deter-
mine, with a high degree of precision and confidence, the
expected structural life of aircraft systems and the economics
of sustaining them.
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The AFMPP consists of the following six elements:

e Mission area analysis. Each of the major operating

commands within the Air Force performs a mission
area analysis that evaluates the military strategy pro-
vided by the chairman of the Joint Chiefs of Staff for
new or changed missions. This review results in new or
changed military tasks that the operating commands
within the Air Force must then perform.

Mission needs analysis. The operating commands
evaluate their ability to accomplish assigned tasks
(from the mission area analysis) and identify any issues.
In performing this “task-to-need” analysis, the operat-
ing commands employ a variety of analytical tools.
These analyses identify task deficiencies and possible
nonmatériel or matériel solutions. If new or modified
hardware is required, the mission need is documented
in a mission needs statement.

Mission area plan. The results of the mission area and
mission needs analyses will be used to document, for
the next 25 years, the most cost-effective means of
correcting task deficiencies. The corrective actions
could include nonmatériel solutions (e.g., changes to
tactics and training), changes in force structure, system
modification or upgrades, science and technology ap-
plications, or new hardware acquisition. Of interest are
those solutions involving modifications, upgrades, new
technology, and new hardware. Determining which
solution is optimum, and planning for it, is greatly
influenced by the aging aircraft problem.

Technology planning integrated product teams
(TPIPTs). TPIPTs provide the vital link to ensure that
research efforts are responsive to user needs. In 1996
there were 21 different TPIPTs, each focused in a
different mission area and involving all of the operating
commands. The teams are administered by the Air
Force Matériel Command’s product centers. Eight of
these TPIPTs are involved directly in aircraft system
planning. Each team is responsible for coordinating the
technology needs inputs among the technical and logis-
tics communities and introducing them into the operat-
ing command’s planning process. This is the primary
mechanism for entering aging aircraft technology needs
into the overall technology planning process. Each
TPIPT documents identified needs in a development
plan and issues a technology investment recommenda-
tion report. These reports serve as input into the tech-
nology master process.

Technology master process. The technology master
process is the vehicle through which technology strat-
egy is planned and executed, based on the identified
needs of the aircraft operators and system program
directors. This process is designed to be comprehensive
by including technology development, transition,
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application, and transfer. The process ensures that
(1) all technologies are identified and prioritized for
action, (2) budget-constrained technology projects are
formulated in a highly integrated manner with full
participation by the stakeholders, and (3) technologies
that are candidates for application and insertion are
validated and ready to enter the full acquisition cycle.

s Aging Aircraft Office. The Aging Aircraft Office is a
recent addition to the Air Force planning process in
support of aging aircraft. This office was established by
the Air Force Matériel Command in April 1996 to
address recognized problems in planning and executing
technology programs in support of aging aircraft. The
mission of the Aging Aircraft Office is to work within
and outside the Air Force to implement technologies
that extend the lives and reduce the cost of operating
and maintaining aging aircraft systems. This office is
intended to fill an important gap in the overall AFMPP
by focusing attention on aging aircraft technologies and
ensuring the expeditious implementation of needed
technologies.

Service Life Projection during Acquisition

The expected service life for new aircraft is developed
through the AFMPP, as was discussed in the preceding sec-
tion. These goals are summarized in the systems requirements
document that also describes the systems design parameters.
The aircraft system operator then establishes the mission
profiles for the new aircraft system. System design engineers
use these mission profiles to develop load spectra, a critical
input to the structural design activity. It is also during this time
that a damage-tolerance-based ASIP, summarized in Ta-
ble 2-1, is initiated.

The full-scale durability test task is especially significant
with regard to the aging aircraft problem because this testing
validates the design service life based on the operator’s
planned mission profiles. Full-scale durability test results
establish the baseline from which the service life is updated
throughout the service life cycle as mission profiles and use
rates change. Data from the full-scale durability tests also
assist in the development of the structural maintenance pro-
gram required throughout the aircraft life cycle. The initial
estimated weapon system phase-out point is also established
based on estimates of safety limits and economic life consid-
erations discussed in Chapter 4.

Few aircraft systems have been used as originally pro-
jected. This has resulted in the need for service life extension,
modifications, or repair actions in advance of the originally
projected time frame. The need for life extension, modifica-
tion, or repair typically has been a result of corrosion or early
fatigue damage caused by increased heavy use. Corrosion,
unlike fatigue damage, has not been forecast analytically as
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TABLE 2-1 Tasks of the Air Force Aircraft Structural Integrity Program
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Task I: Design

Task II: Design Analysis

Task III: Full-Scale

Task IV: Force

Task V: Force

Information and Development Tests Testing Management Data Package Management
ASIP master plan Materials and joint Static Final analyses Loads and environment
allowables spectra survey
Structural design Durability Strength summary
criteria Loads analysis Individual aircraft

Damage tolerance

Force structural

tracking data

Damage tolerance and Design service loads

maintenance plan

durability control spectra Flight and ground Individual aircraft
plans operations Loads and environment maintenance times
Design chemical/thermal spectra survey
Selection of materials, environment spectra Sonic Structural maintenance
processes, and Individual aircraft tracking records
joining methods Stress analysis Flight vibration program
Design service life and Damage tolerance analysis Flutter

design use
Durability analysis

Sonic analysis
Vibration analysis
Flutter analysis

Nuclear weapons effects
analysis

Non-nuclear weapons effects
analysis

Design development tests

Interpretation and
evaluation
of test results

Source: Lincoln (1996).

part of ASIP. However, historically corrosion has caused an
escalation of maintenance costs and, in many cases, severely
impacted readiness because of the increased time required in
depot repair. Some aircraft have been retired earlier than
desired by the force planners because these aircraft became
unaffordable because of escalating maintenance costs. Thus,
the force management task of ASIP is tied closely to the
aircraft aging problem.

Postproduction Force Management

During the deployment phase of the acquisition cycle, the
Air Force establishes a maintenance and sustainment pro-
gram. This program is based in part on data packages gener-
ated by ASIP. The maintenance and sustainment program
includes such elements as

o field maintenance programs
¢ depot maintenance programs
¢ modification and repair programs

e technology transition and insertion
e weapon system assessments
e ASIP updating

It is the responsibility of the system program director to
ensure that ASIP is continued on the weapon system through-
out its operational life. This is done through the implementa-
tion of the force structural maintenance plan (FSMP),
scheduling the required structural inspections and mainte-
nance for the individual aircraft, maintaining structural main-
tenance records, conducting the loads/environment spectra
survey (LESS), and implementing the individual aircraft
tracking program (IATP). The system program director must
ensure that durability and damage tolerance analyses are
performed to provide new inspection and modification re-
quirements if

e significant changes in use are noted from the LESS or
the IATP

¢ new and unanticipated fatigue-critical areas show up in
service aircraft
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e there are significant structural configuration changes as
a result of structural repairs or operational capability
enhancement modifications

A durability and damage tolerance analysis may consist of an
update of the original analysis conducted either during the
design of the aircraft or during a durability and damage
tolerance assessment (DADTA) performed subsequent to the
initial design.1

In addition to the continuous enforcement of ASIP
throughout the operational life of the aircraft and the transla-
tion of appropriate inspections to the field level, the system
program director is also responsible for enforcing corrosion
inspection and maintenance requirements and, as appropriate,
translating them to the field level. The field-level ASIP and
corrosion tasks can involve the use of standard or specialized
nondestructive inspection (NDI) equipment and inspection
criteria. The need for field-level repairs may result from these
inspections. It is at this field level that insufficient NDI
reliability of detection has been a problem. If the NDI tech-
niques are overly complex or tedious and the failure data
reporting burdensome, the resulting quality and reliability of
both are dramatically reduced. This is also true, to some
extent, for depot-level maintenance.

The system program director is also responsible for imple-
menting the depot maintenance program on the weapon sys-
tem. This typically consists of programmed depot
maintenance (PDM) along with analytical condition inspec-
tion (ACI). The ACI tasks are performed annually on a
selected small sample of the force. PDM covers the entire
force, with a portion of the force scheduled for maintenance
each year. In some cases, such as the newer systems, PDM
may not exist. In these cases, the aircraft are usually sent to
the depot for modifications and updates, along with an ACL
Speedlines and depot field teams are also employed to accel-
erate modifications. It is during these events that logistics
engineers can gain significant insight into potentially life-lim-
iting structural problems. As a result, the system program
director can institute significant structural inspections, along
with repair and modification programs, that add considerably
to the cost of maintaining the weapon system. Therefore,
improved technology relating to aging can have the greatest
impact in the depot. Improvements in prediction of aging,
detection of corrosion and fatigue cracks, and repair technolo-
gies can significantly reduce costs, extend service life, and
enhance aircraft readiness.

As necessary, special modification and repair programs to
accelerate the correction of structural cracking or corrosion

"Most older aircraft, which were designed prior to the ASIP update in
the 1970s that incorporated damage tolerance requirements, subsequently
had a DADTA to define the inspections and modifications needed to protect
structural safety.
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are established to augment the PDM. The system program
director creates a dedicated speedline at the depot or, in
some cases, sends depot personnel to the operational bases
as field teams. Speedlines and field teams often rely heav-
ily on specialized NDI techniques tailored for the specific
problems and perform specialized repairs when defects are
discovered. For NDI and repair techniques, speed, ease of
use, and reliability of detection become critical during
speedline or field team activity because they directly affect
the aircraft inspection and repair flow time and conse-
quently the total time that the aircraft is out of service.
Speedlines and field teams require additional aircraft to be
taken out of service, impacting availability and readiness.
Therefore, improving the technology for both NDI and
maintenance and repair can result in significant benefits to
aging aircraft systems.

Periodically, system program directors assess the health of
aircraft over a broad range of indicators and report the status
to senior management of the Air Force. One aspect of the
assessment is the forecast life of the aircraft and problems
affecting longevity. This process provides the system pro-
gram director the opportunity to gain support to resolve aging
aircraft problems and essential information to planners to
ensure accurate force structure planning.

FUTURE FORCE PROJECTIONS

There are four major commands within the Air Force that
operate aircraft systems to accomplish a wide range of mis-
sions. The Air Combat Command (ACC), Air Mobility Com-
mand (AMC), Air Force Special Operations Command
(AFSOC), and Air Education and Training Command
(AETC) all have long-range plans that include the phase-out
of existing systems and the phase-in of new systems devel-
oped through the mission area planning process described
above. Preliminary force structure plans can be summarized
best through the use of “sand” charts that cover the next 25
years. These charts illustrate the life extension of existing
systems and the introduction of relatively few new aircraft
systems as replacements. The sand charts for each of the
major operating commands, along with a brief description of
each, are shown in the following sections.

Air Combat Command

Figures 2-1, 2-2, and 2-3 show the ACC force structure for
the next 25 years, broken down into fighter, bomber, and
attack; airlift and rescue systems; and other specialized sys-
tems. The charts indicate that the ACC will have to sustain
primary combat systems for at least another 15 years until the
F-22 and Joint Strike Fighter begin to enter the inventory in
significant quantities.
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Air Mobility Command

The aircraft program chart for the AMC (Figure 2-4)
reflects their core mission aircraft that support the air refuel-
ing and airlift missions. The C-141 will be retired in the near
future and will be replaced by the C-17. The KC-135 and most
of the C-5 forces, however, are being extended for most of
the next 25 years.

Special Operations Command

As shown in Figure 2-5, the AFSOC employs a wide variety
of different aircraft systems in small force sizes to support their
mission of force application, mobility, and psychological opera-
tions. The AFSOC is currently modernizing their forces, replac-
ing some aging helicopters with the CV-22 tiltrotor over the next
ten years. The AFSOC has also recently introduced the
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FIGURE 2

Education and Training Command

A

AC-130U gunship and the MC-130H. The AFSOC force
presents some unique challenges in staying abreast of aging
problems because of their specialized configurations and

The AETC operates a relatively new force for its pilot
training activities, except for the T-38 and T-43, some of

mission profiles.
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FIGURE 2-5 Force structure projection for AFSOC aircraft. Source: JACG (1996).

which will be over 50 years old by the year 2020. The aging
T-37is being replaced by the JPATS over the nextten years.
The future force structure for AETC is shown in Figure 2-6.

ASSESSMENT OF THE FORCE STRUCTURAL
MANAGEMENT PROCESS

Modernization Planning Process

The Air Force modernization planning process contains
the essential elements for effective force structure planning
and management at all levels. It links the Air Staff, major
operating commands, system program directors, and the tech-
nology community into a comprehensive planning system.
The effectiveness of the AFMPP depends on the timeliness
and accuracy of information used to develop the plan. For this
reason, it is critical that estimates of the economic service life
of the aircraft weapon system be as accurate as possible and
be progressively improved as new information becomes
available. Continued efforts to employ and refine the AFMPP
should ensure that structural economic life considerations are
incorporated into the force structure planning.

Service Life Projection

Currently, there is no clear definition of all the elements
that constitute the determination of structural economic life
for aircraft systems, or a standard economic model to assist
in determining when the costs of operating and maintaining

the system reach a level that clearly warrant replacement.
Lack of these tools frustrate the ability of Air Force planners
to establish a realistic time table to phase out a current system
and to begin planning for replacement systems. In addition,
no comprehensive system exists for forecasting or assessing
the total yearly operating and maintenance costs for an air-
craft. An economic-based model to estimate the cost-effective
service life would greatly facilitate force structure planning
and give credibility to system replacement decisions and
budget requirements. Given the long lead times (i.e., more
than ten years) for replacement systems, along with their
supporting technologies, timely and accurate service life fore-
casts for current aging systems are critical to maintaining
force readiness. The committee believes that the development
of an overall economic service life estimation methodology
that integrates the time-dependent effects of structural dete-
rioration with economic considerations is essential to force
management.

ASIP and Postproduction Force Management

The primary focus of ASIP has been and continues to
be to protect structural safety. ASIP was originated with
the approval of General Curtis LeMay in 1958 as a result
of a series of wing failures on B-47 bombers. However, it
was not until the 1970s, with the introduction of damage
tolerance requirements into ASIP and use of DADTAs of
older aircraft, that the problem of unacceptably high air-
craft losses due to structural fatigue failures was finally
brought under control. Since this major revision to ASIP
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FIGURE 2-6 Force structure projection for AETC aircraft. Source: JACG (1996).

in the early 1970s the program has been a huge success. An
indication of this success is that the failure rate for all weapon
systems that are maintained using the damage tolerance ap-
proach is one aircraft lost due to structural reasons in more
than ten million flight hours (Lincoln, 1997). This is two
orders of magnitude less than the aircraft loss rate from all
other causes.

It has been the implementation of the structural inspections
and modifications that have been derived from the damage
tolerance approach and applied to the aircraft weapon systems
by the Air Force’s logistics and operational support organiza-
tions that has so successfully protected the structural safety
of Air Force aircraft for more than two decades. However, the
commuittee is concerned that the extended use of old aircraft,
coupled with the current trends of reducing military budgets
and manpower, increased reliance on contracted mainte-
nance, use of commercial design practices rather than military
specifications, and possible complacency of Air Force man-
agement (because of the greatly reduced number of aircraft
lost due to structural failures in recent years) may make this
past success rather fragile. It is the committee’s opinion that
the effectiveness of the damage tolerance approach and its
success in preventing structural failures has been dependent
on a number of factors:

e rigid “cradle to grave” enforcement of ASIP by the
system program offices at Wright-Patterson AFB and
the system program directors at the air logistics centers
(ALCs) as required by Air Force Regulation 80-13 and
by the aircraft contractors as required by MIL-STD-

1530A and the supporting military specifications,
which have been required on aircraft weapon system
contracts

¢ implementation of the IATPs to allow the maintenance
program to account for the large variations and changes
in usage that are commonplace in military combat
aircraft, but virtually absent in normal commercial air-
craft operations

o technical oversight of the DADTAs by an experienced
standing Air Force committee up until the mid-1980s,
plus periodic reviews of specific weapon systems by
Air Force Scientific Advisory Board committees and
by Division Advisory Group committees for the Aero-
nautical Systems Division

e development of competent ASIP managers and engi-
neering support groups within the ALCs, that had the
capability to perform damage tolerance analyses, moni-
tor contractor’s analyses, and keep the FSMPs and
IATPs up to date

e sufficient funding of the DADTAs, IATPs, and the
other ASIP support activities at the ALCs

¢ adequate R&D funding to address design, analysis,
inspection, and maintenance and repair needs

Based on discussions with Air Force engineering and
logistics personnel, the committee believes that the rela-
tively recent acquisition reforms, budget and manpower
reductions throughout the Air Force, and engineering-grade
structure limitations at the ALCs have all adversely affected
these factors. It will take aggressive actions by Air Force
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management and engineers to counter deterioration in capa-
bility and loss in the ASIP oversight that apparently has
already occurred and to prevent further deterioration in the
future. ASIP should continue to be enforced, and sufficient
resources should be maintained to continue to track aircraft,
keep the damage tolerance assessments up to date, and keep
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corrosion and stress corrosion cracking from becoming a
structural safety issue. Also, sufficient R&D resources should
be maintained to support and improve aging aircraft engineer-
ing, inspection, and maintenance and repair. Recommended
R&D and engineering and management tasks are expanded
on in Part IL.



When discussing the Air Force’s aging aircraft, it is helpful
to consider the Air Force-supported aircraft separately from
the Air Force commercial-derivative aircraft, which typically
use contractor logistics support (i.e., contractor logistics-sup-
port aircraft). Both are discussed in the following sections.

AIR FORCE-SUPPORTED AIRCRAFT

Table 3-1 summarizes data on aircraft age and planned future
replacements for aging aircraft that are maintained by the Air
Force.' During the course of this study the committee received
briefings and written material on these aircraft. Some of the more
significant structural problems encountered with these aircraft
are discussed briefly below. Additional details on all the aircraft
listed in Table 3-1 can be found in Appendix A. The B-2 bomber,
the F-117 attack aircraft, and the C-17 airlifter are excluded
because of their relatively recent introduction into the force.
Also, because of time, budget, and technical considerations, the
committee elected to exclude the H-1, H-53, and H-60 rotorcraft
from this study. Helicopters are somewhat unique in that dy-
namic excitations in the rotor systems (i.e., causing combined
high- and low-cycle fatigue) have been at the root of many past
structural problems, and as such the committee suggests that this
subject could best be addressed separately.

The Air Mobility Command’s (AMC) airlifter and tanker
aircraft listed in Table 3-1 were designed based on the fail-safe
approach, and, as a result, the primary safety concern with regard
to aging is the loss of this fail-safety from the onset of widespread
fatigue damage (WFD).2 In fact, both the KC-135 and the C-5A
had their original lower wing surfaces replaced in the 1970s and
early 1980s because of WFD, and the wings of the C-141 have
more recently undergone extensive modification because of
WFD (i.e., use of boron composite doublers to repair and prevent
further cracking at the weep holes in the lower wing surface
risers). In addition, some C-141s are now experiencing WFD in
the lower wing surface spanwise slices. Risk analyses performed
by the aircraft manufacturer have shown that these splices reach
the onset of WFD at about 37,000 flight hours. As shown in
Table 3-1, the current plan is to retire all of the C-141s within

'An exception is the U-2, which was developed for the government and
maintained by the contractor.
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the next eight years; however, this plan was based on an
aircraft retirement time of 45,000 flight hours. For any aircraft
that must be flown more than 37,000 hours before retirement,
extensive and burdensome inspections are required to protect
the structural safety. These inspections involve inspecting
more than 6,000 fastener holes per aircraft every 120 days.
The committee is not aware of any data to indicate that the
KC-135 or the C-5 will experience the onset of WFD in the
near future. For example, a blue ribbon panel reviewed the
KC-135 during 1996 and concluded that the current data
indicate that the aircraft could likely be flown to beyond the
year 2040 before encountering WFD. However, the panel
recommended some additional actions to improve this esti-
mate and emphasized the need to control the present corrosion
and stress corrosion cracking problems.

The Air Combat Command’s (ACC) fighter, bomber, and
attack aircraft and the Air Education and Training Com-
mand’s T-37 and T-38 trainer aircraft were either designed
to be damage tolerant using the safe crack growth concept or
were later analyzed on the basis of crack growth to establish
safety limits and inspection requirements. This was accom-
plished during the durability and damage tolerance assess-
ments (DADTAS) that were performed on these aircraft.
Although some of these aircraft have some inherent fail-
safety resulting from redundancy in load paths and crack
arresting features or because of battle damage requirements,
they do not meet the fail-safe standards of the large transport
aircraft. As such, with increasing age the primary threat to
their structural safety is the growth in fatigue-critical areas
and the potential of missing one or more of these areas. As
noted in Chapter 4 and Appendix A, there already has been
a significant increase in the number of critical areas in the
F-16 since its introduction into service in 1979. Also, based
on the number of cracking locations currently being reported
in the T-38 and A-10 (see Appendix A), it appears that this
is also true for these aircraft.

The T-38 is of particular concern because of its single-
plank lower wing skin, its very small critical crack sizes
(i.e., 0.20 to 0.40 in.), and the age of the aircraft in terms
of both calendar years and flight hours. Wing failure and

23ee Chapter 4 for a discussion of technical issues associated with aging
aircraft, including widespread fatigue damage.
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TABLE 3-1 Data on Force Status for Air Force-Supported Aircraft

23

Current Age Data

Years Average Age

Aircraft Operator Aircraft Type Since IOC* (years) Future Plans

Air Mobility Command Airlifter and Tanker Aircraft
KC-135 41 35 Retain 25+ years. No replacement identified
C-5 28 18 Retire C-5A in 10-15 years. No replacement identified
C-141B 32 29 Retire over next 8 years. Replace with C-17

Air Combat Command Bomber and Attack Aircraft
A-10 20 15 Retain 25+ years. No replacement identified
B-52H 36 34 Retain 25+ years. No replacement identified
B-1B 11 9 Retain 25+ years. No replacement identified
F-15 23 12 Retire in 5-20 years. Replace with F-22
F-16 18 8 Retire in 10--25 years. Replace with Joint Strike Fighter

Other Aircraft

C-130E/H° 36 20 Replace 1/3 over 5-25 years with C-130J
E-3 (AWACS) 20 16 Retire in 17-25 years. No replacement identified
E-8 (JSTARS) N/A 15-20 Retire in 15-20 years. No replacement identified
EC/AC-135 40 30-35 Retain 25+ years. No replacement identified
U-2° 40 14 Retire in 15-25 years. No replacement identified
EC-130E/H 36 20 Retire in 15-25 years. No replacement identified
EF-111 30 29 Retire within next 4-5 years

Air Education and Trainer Aircraft

Training Command
T-37B 38 33 Retire in 212 years. Replace with JPATS
T-38 36 29 Retain 25+ years. No replacement identified

“IOC: initial operational capability

bOperational control of the C-130E/H was recently transferred from the Air Combat Command to the Air Mobility Command.
“This aircraft was developed for the government and is maintained by the manufacturer rather than by an air logistics center.

aircraft losses occurred during the 1970s when these aircraft
were put into severe roles. The T-38 was used in the lead-in-
fighter (LIF) role® and the dissimilar air combat training role
by the Tactical Air Command. The critical crack size that
caused the wings to fail was also about 0.2 in. Since the 1970s
it appears that the Air Force’s San Antonio Air Logistic
Center and their prime contractor, Northrop-Grumman, have
done a good job of maintaining structural safety and prevent-
ing wing failures through the use of safety inspections,

structural modifications, design changes, and lower wing
surface replacements. Additional full-scale wing fatigue test-
ing has also been performed to identify critical areas in the
new and modified structure. Crack growth analyses have per-
formed to establish inspection requirements. Further design
changes, wing replacements, and full-scale testing are antici-
pated by the San Antonio Air Logistics Center. The commit-
tee concurs that these changes undoubtedly will be needed if
the aircraft are to remain in the inventory for 25 years or more.

3Currem:ly, the equivalent to LIF is called Introduction to Fighter
Fundamentals or IFF.

Table 3-1 also shows several of the ACC’s other aircraft
that are used in various missions involving electronic combat,
surveillance, intra-theater airlift, and tracking of enemy air
and ground forces. Except for the U-2, the structures of these
aging aircraft are predominantly of a fail-safe design, in
which the threat to safety is the onset of WFD. The E-3 and
the E-8 are both derivatives of the Boeing commercial 707
aircraft. However, the E-8 airframes are old commercial
airframes that have been modified, whereas the E-3 were new
airframes based on the 707 design. In fact, several of the E-8s
have airframes that exceed the original design life goal (i.e.,
20,000 flights) and, as indicated in Appendix A, a number of
the aircraft are either at or are believed to be approaching the
onset of WFD and will very likely require lower wing surface
replacements in the near future.

The C-130 aircraft included in Table 3-1 (i.e., the
C-130E/H and the EC-130E/H) have been in production for
more than three decades. The E models were delivered

“There was one additional aircraft lost (during the 1980s) due to a wing
crack that should have been detected.




24

between 1961 and 1972 and they make up the majority of the
active Air Force assets. The H model, which has been sup-
plied since 1973, makes up the balance of the intra-theater
airlift and EC-130 electronic combat capability. There have
been a number of fatigue cracking and corrosion problems
over the years that have led to the retirement of nearly all of
the A models and outer wing replacements of the B and E
models to the H configuration. There have also been numer-
ous center wing replacements on the B, E, and H models. As
pointed out in Appendix A, the major uncertainty about the
C-130E/H airframe is the probable service life of the fuselage
and the associated future structural maintenance needs. Dur-
ing 1996 an Air Force Structural Review Team looked at this
issue and made several recommendations, including the tear-
down inspection of a high-time aircraft to look for evidence
of WFD and the performance of a DADTA to determine
future safety inspection requirements.

CONTRACTOR LOGISTICS-SUPPORTED AIRCRAFT

The Air Force’s contractor logistics-supported (CLS)
commercial-derivative aircraft are listed in Table 3-2. These
aircraft range in average age from about 3 years to more than
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30 years. In some cases, such as the KC-10 and the C-27, there
were DADTAs performed under Air Force guidance. For the
E-4 and the C-18, the Air Force had the manufacturer modify
their damage-tolerance-derived inspection intervals for an-
ticipated Air Force use. For the most part, the aircraft listed
in Table 3-2 have been designed and certified to Federal Air
Regulation requirements (e.g., FAR Part 25 for the large
transport aircraft and FAR Part 23 for utility and commuter
aircraft) and are contractor maintained to commercial stand-
ards. One exception is the C-27, which is a later model of a
military transport aircraft originally developed in the 1970s
by Aeritalia for the Italian Air Force (i.e., the G222TCM).
Because of time and budget limitations, the committee did
not attempt to review each of these aircraft with regard to
corrosion, fatigue, and stress corrosion cracking histories or
their specific Air Force use spectra. However, it has been
pointed out to the committee that many of these aircraft have
very low utilization rates compared with their commercial
counterparts and in many cases are being flown to operational
spectra comparable with those flown in commercial opera-
tion. Table 3-3 shows a utilization comparison between the
large Air Force aircraft shown in Table 3-2 with their com-
mercial counterparts. With the exception of the C-9, the data
in this table support the position that, for those commercial

TABLE 3-2 Air Force Commercial-Derivative Aircraft Using Contractor Logistics Support”

Average Age
Air Force Designation Commercial Designation Quantity (years) Operator(s)b
E-4 Boeing 747-200 4 23 ACC
VC-25 Boeing 747-200 2 7 AMC
T-43 Boeing 737-200 13 24 ACC and ANG
C-137 Boeing 707-100/300 6 21 AMC
C-18 Boeing 707-323 N/A AFMC, ACC, USAFA
C-22 Boeing 727-100 3 32 ANG
KC-10 McDonnell Douglas DC-10-30F 59 13 AMC
C-9 McDonnell Douglas DC-9-30 23 26 AMC, USAFE, PACAF
C-12 Beechcraft Super King Air 200 37 17 AFMC, PACAF, AETC
T-1A Beechjet 400A 156 3 AETC
C-21 Learjet 35A 76 13 All commands
C-23 Shorts 330 3 13 AFMC
C-26 Fairchild SA227 Metroliner 40 5 ANG
C-27 Alenia G-222 Model 710A° 10 5 ACC
C-20 Gulfstream II, IIT, IV 13 10 AMC and USAFE
Uv-18 Dehaviland DHC-6 Twin Otter 2 20 USAFA
E-9 Dehaviland DHC-8 2 N/A ACC
T-3 Slingby T67M260 Firefly 112 3 AETC and USAFA

“ Excludes six types of glider aircraft, two small Cessna aircraft used by the Air Force Academy, and newer aircraft not yet in the
inventory (e.g., C-32).
b Operators: ACC (Air Combat Command), AMC (Air Mobility Command), AETC (Air Education and Training Command), ANG
(Air National Guard), AFMC (Air Force Matérie] Command), USAFA (United States Air Force Academy), USAFE (United States
Air Forces in Europe), PACAF (Pacific Air Forces).
¢ Not a commercial aircraft, but a military transport originally built for the Italian Air Force.
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TABLE 3-3 Comparison between Utilization of Air Force CLS Aircraft and Commercial Equivalents

Air Force CLS Aircraft’ Commercial Aircraft”®

Aircraft Flightsb Hours Number of Flights Flight Hours

Design Design

Alrcraft Average High Goal Average High Goal

E-4 7,500-11,000 8,000-10,000 747 ~10,000 ~32,000 20,000 ~40,000 ~95,000 60,000
vC-25 N/A ~2,500 747 ~10,000 ~32,000 20,000 ~40,000 ~95,000 60,000
T-43 10,000~-15,000 16,000-18,000 737 ~20,000 ~85,000 75,000 ~22,500 ~80,000 60,000
Cc-22 51,000-55,000 57,000-59,000 727 ~35,000 ~72,000 60,000 ~47,000 ~78,000 60,000
C-18 13,000-44,000 33,000-62,000 707¢ ~20,000 ~37,000 20,000 ~40,000 ~90,000 60,000
VC-137 8,000-24,000 7,000-52,000 707¢ ~20,000 ~37,000 20,000 ~40,000 ~90,000 60,000
KC-10 1,400- 2,500 6,300-13,000 DC-10 N/A ~36,000 42,000 N/A ~90,000 60,000
C-9 11,600-51,200 11,000-44,600 DC-9 N/A ~99,000 40,000° N/A ~79,000 30,0007

“Approximate data as of 1995 for the commercial aircraft and 1996 for the Air Force CLS aircraft.

bExcept for the KC-10 and C-9, the data for the Air Force CLS aircraft reflect number of landings, which may be slightly larger than number of flights.
“There are 57 707 aircraft remaining in commercial use in the world. There are none registered in the United States.

9dContractor revised values to 102,000 flights and 78,000 hours based on retest and tear-down inspection of high-time commercial aircraft.

derivatives that the Air Force purchased new (i.e., the E-4,
VC-25, T-43, and KC-10), the use in terms of both total flight
hours and number of flights is low compared with their
commercial counterparts and thus would not be expected to
experience the onset of widespread fatigue cracking in many
more years of operations. The high-time C-9s on the other
hand have exceeded the contractor’s original design life goals
in terms of numbers of flights and tota! flight hours, but is still
considerably less than the 102,000 flights and 78,000 hours
that the aircraft manufacturer has now verified by retest and
tear-down inspection of a high-time commercial aircraft.
Whether or not these revised numbers apply directly to Air
Force use is still a question that the committee believes should
be investigated.

In addition, some of the large CLS aircraft were not
purchased new and had a significant amount of commercial
use prior to being modified for Air Force use. As seen from
Table 3-3 there are C-22 (727), C-18 (707), and VC-137
(707) aircraft, in which the total number of flights or flight
hours are, in some cases, close to or exceed the commercial
design life goals. As indicated in Appendix A, the 1996
partial tear-down inspection of the lower wing skin and
stringers of a commercial 707-300C aircraft with 57,382
flight hours and 22,533 flights revealed over 1,500 fatigue
cracks. Most of these cracks were small, but some were
large enough to indicate a high risk of a potential structural
failure. This would indicate that the high-time C-18s and
VC-137s may be approaching the onset of WFD in their
wings and should be investigated further. Although the Air
Force has indicated that some of the VC-137s will be

replacedinthenearfutureby new C-32(i.e., 757) aircraft, the
committee is not aware of any plans to replace the C-18. The
C-22(727) wings are less susceptible to WFD than the C-18
or VC-135 because of lower stress levels, better stringer
materials, and an improved fastener system, but the C-22
fuselage is a potential fatigue cracking concern that also needs
to be investigated further.”

With regard to the smaller utility and commuter class
aircraft and the C-27 military transport listed in Table 3-3, the
committee lacks the information necessary to make any judg-
ments about their structural health and probable longevity. It
is noted that several of the aircraft types, which comprise
more than 300 aircraft, have very low average ages (i.c., the
T-1A, T-3, C-26, and C-27) and thus one would not anticipate
fatigue cracking very soon. On the other hand, a fundamental
shortcoming in the current FAR Part 23 requirements is that
there is no requirement for the aircraft to be designed to be
damage tolerant (i.e., either fail-safe or safe crack growth).
This shortcoming has been recognized by the Federal Avia-
tion Administration and some commuter aircraft manufactur-
ers, and changes to both the design rule and the supporting
advisory circular are currently in process. Nevertheless, these
types of aircraft that are currently in service have a large
variance in their damage tolerance capabilities. In many cases
they have single load-path structures, and the failure of a

5Early model 727 aircraft, which used cold-bonded fuselage lap splices,
can experience the onset of WFD very early (i.e., in less than 30,000 flights)
if the bonding becomes ineffective and preventive modifications have not
been made.
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single member could result in the loss of the aircraft. To
minimize the possibility of such an occurrence, the Federal
Aviation Administration has had a team of structural experts
conducting damage tolerance surveys of selected aircraft in
the commuter fleet over this past year. It is the team’s intent
to identify aircraft with the highest potential for structural
failure, define further damage tolerance analysis require-
ments, and consider other actions that may be necessary to
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minimize the potential for failure. It would appear prudent for
the Air Force to initiate a similar effort for the CLS utility-
and commuter-sized aircraft listed in Table 3-2. These inde-
pendent surveys or reviews would be to assess the current
structural health of each type of aircraft, determine the need
for a more detailed DADTA, improve corrosion control, and
determine if an economic service life assessment of the air-

craft is warranted.




4

Technical Issues and Operational Needs

In this chapter the primary aircraft aging mechanisms are
discussed briefly in relation to their impact on aircraft struc-
tural health and longevity, and the associated technical issues
and operational needs are identified. This is followed by brief
discussions of technical issues and needs in the areas of
nondestructive evaluation and maintenance and repairs. The
focus of this chapter is on the degradation mechanisms for
aluminum alloy airframe structures, which are predominant
in current aging aircraft. Issues and recommendations con-
cerning future aging aircraft, including composite primary
structure are included in Chapter 10. The issues and needs
identified in this chapter are the basis for the recommended
engineering and management actions and near-term and long-
term research and development presented in Part II of this
report.

The three primary mechanisms that can affect the struc-
tural health and longevity of the Air Force’s metallic aircraft
structures are

corrosion

stress corrosion cracking

fatigue cracking (including low-cycle and high-cycle
fatigue)

CORROSION

Corrosion of airframe structure is the single, most costly
maintenance problem for Air Force aging aircraft (SAB, 1994).
Corrosion can occur in a variety of nonexclusive forms, includ-
ing uniform or general corrosion, galvanic corrosion, pitting
corrosion, fretting corrosion, crevice (filiform and faying
surface) corrosion, intergranular (including exfoliation) cor-
rosion, and stress corrosion cracking (ASM, 1987). Because
of the potential structural effects, stress corrosion cracking is
considered in greater detail in the following section.

Corrosion of aging aircraft results from a combination of
factors, including

e theuse of aluminum alloys and tempers that are more
susceptible to corrosion than currently available
alternatives

o inadequacy or deterioration of corrosion protection
systems
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e exposure to various corrosive environments (e.g., hu-
mid air, saltwater, sump tank water, latrine leakage)

Control of corrosion is predicated on effective prevention,
detection, and repair methods. Despite the best intentions of
prevention and control practices, the complete elimination of
corrosion is virtually impossible. In aging aircraft structures,
corrosion protection and control systems deteriorate over
time. The major concern with the deterioration of corrosion
protection systems for aging aircraft structure is the resulting
increase in maintenance costs because corrosion damage that
is identified must be repaired. Based on current experience,
this practice of identifying and repairing corrosion damage
has been adequate for maintaining the integrity of aging
structures. However, because corrosion damage is typically
found by visual inspection techniques, and a fair amount of
corrosion damage occurring on older Air Force aircraft is
hidden from direct view, a significant amount of corrosion
can remain undetected. Also, there can be a wide variation in
extent and severity of corrosion damage among similar air-
craft because of differences in environmental exposures and
in the amount and type of maintenance that the aircraft may
have received.

The different types of corrosion damage exhibit different
characteristics and potential consequences with respect to
both detectability and structural consequence. For example,
exfoliation corrosion (severe intergranular corrosion where
the buildup of corrosion products causes flaking and surface
blisters) and pitting corrosion can be detected readily, de-
pending on the accessibility of the damaged surface. Al-
though these corrosion forms are evident as surface
deterioration, they may not be found if the surface is inacces-
sible to visual inspection. Intergranular corrosion that propa-
gates along grain boundaries away from exposed surfaces
may be indistinguishable from the surface, challenging the
reliability of nondestructive inspection (NDI) methods (Min-
dlin et al., 1996).

Undetected corrosion can progress significantly before
being observed, leading to (1) increased maintenance costs
and time in the depot for maintenance or (2) an increased risk
that corrosion, in the presence of other forms of damage, may
cause a more significant decrease in damage tolerance than
otherwise estimated. This is discussed later in this chapter.
Although corrosion can be very costly to repair, corrosion by
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itself has not yet caused any structural failures that have
resulted in the loss of an Air Force aircraft. This is because
corrosion has been detected and repaired before it could
become a flight safety problem.

Corrosion prevention begins—or should begin—during
engineering design with proper selection of materials and
manufacturing processes. As part of structural maintenance
programs, the commercial aircraft industry has developed
provisions to upgrade corrosion resistance through the use of
substitute materials and heat treatments (e.g., more corrosion-
resistant 7050, 7150, or 7055 alloy for 7073, stress corrosion-
and exfoliation-resistant T-7X tempers for 7XXX-series alu-
minum alloys), improved protective finishes and corrosion-
preventive compounds (CPCs),1 and incorporation of design
features such as drainage and sealing to prevent corrosion.
However, similar engineering guidelines that provide advice
on materials and processes having better corrosion resistance
than the original materials and processes have not been for-
mally developed for Air Force aircraft.

A panel chartered under the ad hoc committee of the Air
Force Scientific Advisory Board concluded that a reduction
of the relative humidity to 3040 percent would significantly
reduce the corrosion of stored aircraft and that existing dehu-
midification and storage systems appeared to be adequate
(SAB, 1996). The report describes equipment and logistics
relevant to dehumidified storage and discusses successful
dehumidification programs in the other U.S. services (e.g.,
Marine Corps A-6E, Navy SH-60B, and Army CH-47D) and
internationally (e.g., Swedish and Danish air forces). Since
the Scientific Advisory Board study, work has been accom-
plished to validate the practicality of dehumidified short-term
and long-term storage facilities for a range of military hard-
ware using desiccant wheel technology (Cannava, 1997). Itis
not yet clear that dehumidification will be cost-effective for
Air Force aircraft.

The committee believes that, if costly component repair and
replacement are to be avoided, much more emphasis should be
given to early detection of corrosion and implementation of
effective corrosion control and mitigation practices. A practica-
ble and more cost-efficient strategy for dealing with corrosion
damage of airframe structures is needed to effectively guide
prevention, control, and force management decisions for ag-
ing aircraft. The most important operational needs include

¢ environmentally compatible protective coatings to re-
place the hazardous materials being phased out (e.g.,
chromates)

1Intemally-applie:d CPCs have been used as a maintenance material
for commercial aircraft since the late 1960s. These materials, generally
high molecular weight petroleum products that displace moisture from
the potential corrosion cell, have been effective in both delaying the
progression of incipient corrosion and in preventing corrosion from
forming. CPCs are a critical part of maintenance programs to prevent and
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e generalized use of CPCs and development of CPCs that
can be applied on external surfaces and that will pene-
trate and protect unsealed joints and around fastener
heads on older aircraft structures’

e guidance for the application of advances in alloys and
processes offering improved corrosion protection

e improved techniques to discover and roughly quantify
hidden corrosion without requiring disassembly of the
aircraft

o classification of corrosion severity, similar to current
commercial aircraft practice, to provide guidance to
maintenance actions

e improved understanding of the probable rates of corro-
sion and corrosion trends for specific operational air-
craft for use in planning maintenance actions

¢ dehumidified storage of aircraft or dehumidification of
susceptible areas of particular aircraft

With improved detection methods and the implementation
of improved corrosion prevention and control actions, the
committee does not believe that physical corrosion damage
per se will limit the structural life of Air Force aircraft.

STRESS CORROSION CRACKING

Stress corrosion cracking (SCC) is an environmentally
induced, sustained-stress cracking mechanism. Early metallic
aircraft built from thin aluminum sheet experienced few stress
corrosion problems. The occurrences that did occur (e.g.,
pressed-in bushings) were generally diagnosed quickly and
solved with little fanfare. However, in the post-World War IT
era, increasing numbers of stress corrosion problems ap-
peared as a result of the introduction of high-strength 7XXX-
series aluminum alloys and the growing use of integrally
stiffened structure. The latter entailed installation of shaped
components machined from thicker starting stock, which in
turn introduced heat treat and assembly residual stresses
unanticipated in the original design process. Designers and
the aluminum industry gradually learned how to reverse the
alarming rise in SCC incidents through an awareness of
causes, through the identification of susceptible alloys, and
through the introduction of tougher materials with improved
corrosion resistance, improved surface preparation processes,
and reduced residual stresses.

The results from comprehensive industry surveys on SCC
service failures conducted during the late 1960s and early

control corrosion and are finding increased use in new aircraft, especially
inlower fuselage areas.

“The report of the Materials Degradation Panel of the Air Force Scientific
Advisory Board (SAB, 1996) suggests that MIL-C-81309, a water-displac-
ing, thin, soft film CPC can be used effectively on the aircraft exterior if
reapplied periodically.
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1970s formed the backbone of current Air Force practices for
management of SCC (ASM, 1987; Spiedel, 1975). In general,
it was found that the majority of aluminum airframe structures
documented as failing by SCC were manufactured from the
high-strength 7XXX- and 2XXX-series aluminum alloys that
contain Al, Cu, Zn, and Mg. Of these alloys 7075, 7079, and
7178 in the peak strength T6 condition and alloy 2024 in the
naturally aged T3 condition contributed to more than 90
percent of the reported aluminum SCC failures. A number of
SCC problems have also been observed in high-strength
steels. The SCC associated with service failures was observed
to be characteristically intergranular, making early visual
detection somewhat difficult.

SCC is generally exacerbated by residual tensile stresses
remaining from material heat treatment or fit-up, but can also
be triggered by operational loads and forces from the buildup
of corrosion by-products. Aircraft designers are well aware
of the reduced mechanical properties of forgings and thick
plate materials in the short-transverse grain direction com-
pared with those in the longitudinal grain directions. As a
result, structural components are usually designed so that the
primary load paths are parallel to the principal grain direction.
In this case, the elongated grain boundaries are parallel to,
rather than normal to, the applied operational stresses. Fortu-
nately, when SCC occurs parallel to applied operational stresses,
cracks often can be very large (e.g., as much as several inches
long) before they become a flight safety problem.

When components containing SCC are discovered, they
are either replaced with new components fabricated from
more-resistant materials and tempers or they are repaired.
Both replacement and repair are often quite difficult and
costly (e.g., repairing or replacing sections of large fuselage
bulkheads). The need for replacement and repair of compo-
nents due to SCC could be reduced, or at least delayed, with
appropriate maintenance actions. Important operational
needs include

¢ improved environmental protection systems (e.g., im-
proved CPCs and surface finishes) to reduce the corro-
sion rate of susceptible components

¢ modified manufacturing practices that reduce exposed
end-grain and residual stress effects that exacerbate
SCC in large structural components

e improved repair procedures, ranging from structural
repairs to the restoration of corrosion-retarding finishes

o reevaluation of SCC-susceptible structural components
to identify potential safety problems; such evaluations
could be done during an Aircraft Structural Integrity
Program (ASIP) durability and damage tolerance as-
sessment of the aircraft

With continued vigilance, improvement in prevention and
control procedures, and replacement of susceptible compo-
nents with corrosion-resisting alloys with minimized residual
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stresses, the committee believes that SCC problems in older
Air Force aircraft can be managed and that SCC need not be
a life-limiting damage mechanism.

FATIGUE CRACKING

Unlike corrosion and SCC, which the committee believes
can be controlled and thus would not, in themselves, physi-
cally limit structural life, fatigue cracking is a direct result of
aircraft use (i.e., load or stress cycles) and will eventually
occur in all aircraft. Both low-cycle fatigue (typically due to
flight maneuver and gust loading) and high-cycle fatigue (due
to vibratory excitation from aerodynamic, mechanical, or
acoustic sources) are of concern. Also, the potential acceler-
ating effects of corrosion damage on fatigue cracking must be
recognized and accounted for when estimating life limits and
determining safety inspection intervals.

Low-Cycle Fatigue
Safely Limit and Economic Life Limit

Fatigue cracking and failures resulting from the growth of
cracks from preexisting flaws or defects (introduced during
material processing or manufacturing) have occurred quite
early in the operational life of an aircraft. In single load-path
structures, such as those used in many older fighter aircraft,
the structural failures have often led to loss of the aircraft.
Because of these failures, the Air Force extensively revised
ASIP in the early 1970s to include damage tolerance design
and test requirements. These requirements were incorporated
in MIL-STD-1530A (DOD, 1988) and MIL-A-83444 (DOD,
1987) and required that the structure be designed with the a
priori assumption that it contains the maximum probable-
sized initial material or manufacturing flaw or defect located
in the most critical areas of the structure. The time required
for a crack to grow from this initial flaw size to the critical
size (i.e., size at failure) was defined as the safety limit for the
structure. The aircraft was not allowed to fly beyond the safety
limit without a careful inspection (and repair or modification
if necessary). In addition, repeat inspections were required at
one-half the time required for the flaw to grow from the size
that is barely undetectable by NDI methods to critical size. If
the structure was not inspectable or was difficult to inspect,
the aircraft operator had only three options once the safety
limit was reached: modification, structural replacement, or
retirement. For new aircraft, a design goal is to avoid in-serv-
ice structural safety inspections by selecting stress levels and
materials such that the calculated safety limits exceed the
expected design life of the aircraft when operated according
to the design service use spectrum. The primary problem with
this design goal has been that actual service use has very often
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been different, and sometimes much more severe, than the
original design spectrum.

Deviation from original design spectra have occurred as a
result of increased weight and increased frequency of high-
load occurrences per flying hour. To a large part, the increased
weights have been caused by additional armaments and elec-
tronic systems, and the increase in high-load occurrences are
the result of changes in tactics. Both have been caused by the
change in military threats.

Experience indicates that it is important that, for aircraft
having single load-path structures, (1) all fatigue-critical ar-
eas and likely root causes for fatigue crack initiation be
identified, (2) critical loading conditions be defined, (3) safety
limits be established based on actual use conditions, and
(4) in-service safety inspections be performed. It is also im-
portant that the Air Force maintain the individual aircraft
tracking program so that inspection intervals can be adjusted
based on actual use and understanding of failure modes.

As aircraft age increases, it is more likely that fatigue
cracks will be detected in critical areas and that additional
areas of the structure will become critical and will require
more inspections, repairs, and modifications. Eventually, the
safety inspection, repair, and modification costs, when com-
bined with other maintenance costs (e.g., for corrosion, stress
corrosion, and wear), and the reduced availability of aircraft
will become so burdensome that it will be more cost effective
to replace the aircraft than to continue to maintain it. The Air
Force calls this the economic life limit for the aircraft.

As discussed in Chapter 2, the committee believes that the
prediction of when a given aircraft will reach its economic life
limit is a crucial issue in future force planning. Although
various attempts have been made to estimate economic life
limits for various aircraft (e.g., the F-4E, KC-135), the Air
Force has not yet developed a method for estimating such
limits that accounts for all of the relevant cost factors.

From the standpoint of maintaining safety of aircraft that
contain single load-path structures, the most important issue
is ensuring that all critical areas of the airframe and flight load
conditions have been identified. Currently, the Air Force
relies on full-scale fatigue test results, past service experience,
and various analyses (e.g., stress, fracture mechanics, failure
modes, and environmental effects) for the identification of
critical areas.

Corrosion Effects on Safety Limits

The Air Force recognizes that crack growth rates may be
influenced by environmentally induced corrosion that in turn

*In practice, the Kiscc cutoff is often ignored, with negligible effect on
safety limits, when Kiscc is high with respect to the critical stress intensity.
This is the case for most aluminum alloys, except in the short-transverse
grain direction of thick plate, extrusions, or forgings.
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would affect the safety limits and repeat inspection intervals.
In an attempt to account for this effect, data on the rate of
crack growth have been developed for materials in environ-
ments that are believed to be appropriate (e.g., in high humid-
ity, salt spray). Crack growth is limited to the time to reach
the K¢ (i.e., the threshold stress intensity for SCC) in this
environment to avoid super?osition of fatigue and stress
corrosion crack growth rates.

Although the damage tolerance requirements and the ap-
proach for accounting for potential environmental effects
have served the Air Force well over the past two decades, the
committee continues to be concerned that, as structures age,
as corrosion protection systems continue to deteriorate, and
as materials corrode, there may be effects that have not been
adequately considered. Specific corrosion concerns or issues
that could affect safety limits and repeat inspection intervals
include

e the influence of corrosion on applied stresses and stress
intensity factors resulting from material thinning and
local bulging of thin sheet due to buildup of corrosion
products

o the potential influence of corrosion on material me-
chanical properties (toughness, strength, elongation)
resulting, for example, from the absorption of hydrogen
by the metal during the corrosion process

e the potential influence of corrosion and corrosive envi-
ronments on crack growth rates below the threshold for
Scc

Widespread Fatigue Damage

Although failure that is due to fatigue crack growth from
an initial material flaw is of lesser concern in the larger
transport and tanker aircraft, which generally have been de-
signed to be fail-safe either through the use of multiple load
paths or through the use of crack arrest features," there is
serious concern about the loss of fail-safety due to the onset
of widespread fatigue damage (WFD) initiating from normal
quality structural details. This is of particular concern for
older aircraft or aircraft that have been flown under a more
severe use spectrum than that for which it was designed.

The onset of WFD in a structure is characterized by the
simultaneous presence of small cracks in multiple structural
details; where the cracks are of sufficient size and density, the
structure can no longer sustain the required residual strength
load level in the event of a primary load-path failure or a large
partial damage incident. Multiple-site damage and multiple-

“Failure of the structural member or load path or large partial failure
will not result in loss of aircraft because of the second line of defense
provided by the alternate load paths or structure surrounding the large partial
failure.
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element damage are subsets of WFD, where there are multiple
cracks either in the same structural element or in adjacent
structural elements. When the onset of WFD occurs, the
airframe (or major component of the airframe) has reached
the operational life limit. To preclude unsafe operations once
the onset of WFD occurs, flight restrictions or groundings are
the only options until the affected structure is modified,
replaced, or the aircraft is retired.

To assist in future force structure planning, it is necessary
to be able to predict when the onset of WFD will occur (i.e.,
estimate when a sufficient number and sizes of cracks will
degrade the residual strength of the structure to below the
fail-safe design level) and to assess if WFD concerns will
affect a significant part of the force structure. To predict the
onset of WFD, it is necessary to (1) predict accurately the
residual strength of the structure after encountering the pri-
mary damage (e.g., from a discrete source) with various sizes
of small WFD cracks in the adjacent intact structure and
(2) predict when these cracks will occur. Although there has
been considerable effort over the past few years to develop
analytical models that enable prediction of the residual
strength of fuselage longitudinal lap splices (as a result of the
1988 Aloha Airlines 737 accident), there has been much less
effort directed toward structural configurations typical to
military aircraft (e.g., thick chordwise wing joints, plate and
stringer wing configurations, shiplap spanwise wing splices,
large pressure door hinges, loading ramp hooks, and others).
The development of analytical residual strength models for
the various structural configurations and materials that are
typical of military aircraft is an important technical issue to
address in the characterization of WFD.

The Air Force has been almost entirely dependent on using
the results from detailed tear-down inspections of full-scale
fatigue test aircraft, or actual high-time fleet aircraft, to pre-
dict when the small WFD cracks will occur. Tear-down
inspections are required because current fatigue analyses are
inadequate to predict accurately the initiation and growth of
very small flaws, although there has been some promising
research in this area. The primary shortcomings of using only
full-scale fatigue test results to predict crack initiation are
(1) full-scale fatigue test results are not usually representative
of the actual operational load spectrum, and (2) the potential
influence that environmental exposure may have on the crack
initiation process is neglected. Although the tear-down in-
spection of actual fleet aircraft is the most reliable basis for
determining the onset of WFD, it entails the destruction of
one or more aircraft (or major portions of aircraft) and comes
too late to provide data for force planning.

The difficulty in analytically predicting the initiation and
growth of small cracks arises, in part, from the potential that
several different mechanisms (e.g., corrosion, fretting, mi-
crostructural defects, residual stress) could influence crack
initiation at any given structural location. The identification
of which crack initiation mechanism is most likely to lead to
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a fatigue crack is problematic; the likelihood is remote that
all of the controlling parameters that contribute to crack
initiation will be modeled rigorously in the formulation of a
mechanics boundary value problem. Analytical methods
based on small crack theory have been shown to be quite
accurate in predicting total fatigue life of laboratory test
specimens by using fracture mechanics and initial crack sizes
determined from the characterization of microstructural de-
fects. However, this approach represents only one possible
initiation mechanism. Based on the status of current research,
the most promising analytical approach to predict the behav-
ior of other initiating mechanisms is to use an equivalent
initial flaw (EIF) size determined from coupon and structural
element tests. In fact, small crack theory uses the EIF ap-
proach, but determines the EIF from microstructural features
that are characterized with microscopy rather than calculating
the EIF size from fatigue test data. The committee believes
that a comprehensive EIF-based fracture mechanics ap-
proach, including simulative experimental methods for char-
acterization of feature demographics and the prediction of
initiation and growth of small fatigue cracks, is vital to the
development of an analytical capability to allow the predic-
tion of the onset of WFD. Such a capability requires the
development of an EIF database, correlated with full-scale
structural test articles, for cracks that initiate because of
fretting, very small defects, scratches, dings, and corrosion
damage.

Among the greatest NDI challenges is to develop methods
that can reliably, rapidly, and cost effectively determine,
without fastener removal or disassembly, if an aircraft has
widespread fatigue cracking. Inspection for WFD is difficult
because the crack sizes that can significantly degrade the
structure are, in most cases, very small, and there is a very
large number of structural details (e.g., fastener holes) that
need to be inspected. The specific crack sizes that must be
detected depend on the specific structural configuration, the
materials used, and the design stress levels. However, it is not
unusual for cracks as small as a few hundredths of an inch
(e.g., 0.04 to 0.10 in.) to be sufficient to degrade the struc-
ture’s fail-safe residual strength to below the design operating
load level. Although there are existing nondestructive meth-
ods (e.g., eddy current and ultrasonic methods) that can find
such small cracks, they are very tedious, time-consuming, and
costly when applied to large areas of an aircraft. Also, the
methods are much more limited, less sensitive, and less
reliable when the cracking occurs in the inner layer of a wing
or fuselage joint or in an interior structural member such as
stringers or spar caps.

High-Cycle Fatigue

High-cycle fatigue occurs when a structure is exposed to
high-frequency load cycles from aerodynamic, mechanical,
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and acoustic sources. The amplitude of these load cycles are
not as high as those experienced during normal flight maneu-
ver loading, but the frequency is high and thus the structure
can be subjected to a very large number of damaging load
cycles in a very short period of time. As a result, low-ampli-
tude cycles can be sufficient to cause rapid fatigue crack
initiation in unflawed structure or cause the stress intensity
associated with even very small initial flaws in the structure
to exceed the threshold for fatigue crack propagation (i.e., the
Ky). In such cases, cracks will propagate very rapidly to
critical size and failure will ensue.

High-cycle fatigue failures have occurred during service
operations in a number of military aircraft in the recent past
(e.g., acoustic fatigue of B-1 horizontal tail, buffet load dam-
age of F-15 and F/A-18 vertical tails), even though the air-
frames were subjected to extensive structural testing over the
full range of expected service conditions. Generally an at-
tempt is made during the design to identify all possible
sources of excitation. These sources are either eliminated or
avoided, or the structural response is reduced substantially
through design modifications. However, problems can arise
later in service for a number of reasons:

e changes in the response of the structure (e.g., natural
frequency) that are due to changes resulting from wear,
corrosion, loose fasteners, repairs, and low-cycle fa-
tigue crack growth

e changes in aircraft use, which in turn causes changes in
the loading environment (i.e., new or magnified aero-
dynamic or acoustic excitation sources)

e changes in aircraft configuration, which in turn gener-
ate new sources of aerodynamic excitation (i.e., new
weapon stores, pods, antenna, or moldline changes that
modify air flow and shock impingement locations)

When a reduction in stiffness changes the natural fre-
quency of the structure or a particular component, the primary
need is to understand the cause of the stiffness loss and
determine the tolerable damage state. This is generally done
by a combination of analysis and testing of the component
and by a comparison with loads data from the particular
airframe. If the margins between the natural frequencies and
the driving force are not large enough, analysis must be
performed of potential stiffness increases to ensure that the
problem is not simply moved to another location.

When changes in aircraft use cause high-cycle fatigue
damage, an examination of aircraft load history, along with
ground vibration and flight test data, must be used to deter-
mine the dynamic load history of the component. In some
cases, load monitoring or sensing may be necessary to deter-
mine the relationship of local loads to the maneuver loads that
are recorded by the aircraft’s flight data recorder. In many
cases, the dynamic loads occur under extreme environmental
conditions (e.g., temperature extremes, fluid exposures),
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necessitating remotely interrogated sensors for in-flight
loads measurement.

Detailed analyses, and perhaps flight data measurements,
are required to assess changes in excitation loads and stiffness
when configuration changes are the primary cause of high-cy-
cle fatigue damage. Extreme care must be taken to ensure that
repairs or modifications intended to reduce dynamic effects
do not cause further harm. The repairs themselves can cause
changes in air flow and local stiffness that result in dynamic
loading problems at other locations.

The committee believes that dynamic loading and the
resulting high-cycle fatigue is a key aging aircraft issue as
well as an initial design issue, particularly for high-perform-
ance combat aircraft. The key technical issues include

e identification, reduction, or elimination of sources of
dynamic excitation

e passive and active methods to reduce the response of
aircraft structures

e measurement and characterization of the threshold for
fatigue propagation ( Km) values for airframe materials,
including the applicability of long crack thresholds to
small crack behavior

e in-flight monitoring of changes in dynamic loading

NONDESTRUCTIVE EVALUATION

The development of nondestructive evaluation (NDE)
technology for aging airframe structures is driven by struc-
tural requirements and cost considerations. Proper application
of currently available NDE technology can offer significant
improvements in diagnostic capabilities and provide charac-
terization of the damage necessary to develop effective struc-
tural repairs. In addition, NDE methods protect structural
safety by detecting, providing quantifiable characterization,
and screening fatigue cracking, stress corrosion cracking, and
corrosion conditions that are, or could become, a flight-safety
concern. However, field practices and implementation of
NDE methodology to meet many aging aircraft problems are
inadequate and often inconsistent with current technical ca-
pabilities (e.g., field systems often do not take advantage of
technology used during production of the structural compo-
nents).

The committee has identified critical inspection needs
based on the important aging mechanisms. The most impor-
tant needs include

o detection of fatigue cracks under fasteners; the inability
to detect cracks beneath fasteners can result in unman-
ageably short inspection intervals for fatigue-critical
structures with small critical crack lengths

e detection of small cracks associated with WFD for
cracks as small as a few hundredths of an inch
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e techniques to discover and quantify hidden corrosion
without disassembly of the aircraft

¢ detection and characterization of cracks and corrosion
in multilayer structures

o detection of SCC in thick sections

Reliability is one of the most important characteristics of
an effective NDE method (Berens, 1989; Cowie, 1989; Pan-
huise, 1989; Rummel, 1989). NDE inspection is a statistical
process that depends on the inherent variability of many
features including flaw size, orientation, distance of flaw from
surface, surface roughness, and variations in material proper-
ties. A frequently used measure of the reliability of a NDE
system is the probability of detection (POD) which is a
conditional probability defined as the probability that a flaw
with given characteristics will be found in an inspection.
Obviously, a requirement for an efficient NDE inspection is
a high value of POD for the particular flaw and geometry
involved in the inspection.

Often, NDE methods must be able to quantitatively iden-
tify defects (e.g., in terms of size and location) that can affect
structural safety. The maximum allowable defect size at a
given location within the structure is determined by the struc-
tural analyst based on analyses or tests that demonstrate that
such a defect will not grow to critical size within a specified
period of operational use. It must then be shown that the
selected NDE method will detect, within a specified POD,
defects larger than these allowable sizes with a minimum
number of “false calls.” If this is not achievable, a solution
must be developed so that the detection requirements are
compatible with detection capabilities (e.g., allowable flaws
or defect sizes could be increased by significantly increasing
the required frequency of inspection).

The effective maintenance of aging aircraft is vitally depend-
ent on implementing effective NDE methods. In addition to the
specific needs identified above, there is an overarching need to
improve the cost and time effectiveness of NDE inspections. One
of the key barriers to implementing force-wide improvements to
NDE methods is the huge scale of the task (Hagemaier and
Hoggard, 1993). Although the specific needs are focused pri-
marily on two fairly generic problems (i.e., detection and char-
acterization of cracks and corrosion), each application involves
different component geometry and structural configuration, re-
quiring revalidation and qualification of NDE methods. Current
practice requires the establishment of NDE reliability (POD),
usually with an empirical test matrix of various inspections and
specimens with known flaw types, sizes, and locations. To
provide a statistically significant sample that accounts for the
range of conditions likely to be encountered in a force-wide
application, the size of the sample set would be enormous and
costs would be prohibitive. The committee believes that new
approaches and tools, including techniques to predict the re-
sponse and reliability of new NDE methods, are needed to
address this problem.
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STRUCTURAL MAINTENANCE AND REPAIRS

An effective airframe structural maintenance program
evaluates (1) sources (root causes) of structural deterioration;
(2) susceptibility of the structure to each source of deteriora-
tion; (3) the consequences of deterioration to continued air-
worthiness; (4) the effectiveness of detection methods in
finding structural deterioration, taking into account inspec-
tion thresholds and intervals (NRC, 1996a); (5) the effective-
ness of the repair in restoring load-carrying capability and the
effect on the integrity of surrounding structure; and (6) the
effectiveness of prevention and control measures to mitigate
existing and anticipated problems. When structural deteriora-
tion is detected in the maintenance program, a decision must
be made to either repair or replace the affected components.
The primary damage mechanisms to be considered for aging
aircraft (discussed in preceding sections of this chapter) in-
clude corrosion, SCC, low-cycle fatigue (including WFD),
and high-cycle fatigue.

In the case of corrosion, the primary issue involved in the
restoration of corroded structure (when thickness loss that is
due to corrosion does not necessitate structural repair) is the
removal and reapplication of protective finishes to prevent
further corrosion. The chief technical issues include

e environmentally compliant finish removal techniques
to replace grit blast (grit disposal problems) and chemi-
cal methods (volatile organic releases and toxic sub-
stances)

¢ environmentally compliant surface preparation proc-
esses and finish materials that reduce or eliminate re-
leases of heavy metals (e.g., chromium, cadmium) and
volatile organic compounds

o evaluation of finish system durability and life

Repair of damage resulting from in-service degradation
mechanisms such as fatigue, SCC, corrosion (when thickness
loss requires structural repair), and discrete source damage
(e.g., foreign object impact, handling damage, lightning at-
tachment) is a critical maintenance activity. Generally, repair
of aged structure consists of reinforcement doublers that are
bolted or bonded over the damaged arca. Bolted repairs are
generally preferred for commercial aircraft because they are
relatively simple to perform and minimize the time that the
aircraft is out of service. However, bolted repairs introduce
stress concentrations at fastener holes and tend to add consid-
erable weight. Recent Air Force efforts have emphasized
bonded composite patch repairs, even though the repairs are
more complex and time consuming to design and install.
Bonded repairs avoid stress concentrations from drilled holes,
are more readily conformable to complex shapes, and provide
more efficient load transfer at lower weight compared with
bolted repairs. The primary technical issues for structural
repairs include
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¢ analysis methods and design practices for repairs

e material and process selection and optimization, including
surface preparation, lamination, and bonding processes,
and specification infrastructure for bonded repairs

e life prediction and inspection intervals for the repaired
structure

e maintaining the damage tolerance of the repaired structure

Another important issue in the maintenance of aging sys-
tems is the replacement of components that are fabricated
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using alloys and processes that are susceptible to deteriora-
tion, especially corrosion and SCC. Improvements in com-
mercial aluminum alloys, tempers, process controls, and
fabrication methods could be beneficial if guidelines were
provided to the logistic centers for materials and process
substitution decisions (including performance and cost trade-
offs). Commercial airframe manufacturers have been active
in updating obsolete materials and process specifications in
their core design and manufacturing practices and in their
maintenance programs (Goranson, 1997).




RECOMMENDED STRATEGY AND OPPORTUNITIES FOR
NEAR-TERM AND LONG-TERM RESEARCH

One of the primary objectives of this study was to identify
an overall strategy that addresses the Air Force’s aging air-
craft needs. From the discussion of the aging aircraft problem
in Chapter 2, including the assessments of the force manage-
ment process, it is apparent to the committee that the recom-
mended overall strategy must encompass several engineering
and management issues as well as the near- and long-term
research opportunities. The committee believes that there are
a number of engineering tasks that do not require additional
research and that should be accomplished in the near future.

Also, to be effective, the strategy must address the three
Air Force objectives that are noted in Chapter 1:

o identify and correct structural deterioration that could
affect safety of flight

e prevent or minimize structural deterioration that could
become an excessive economic burden or adversely
affect force readiness

o predict, for the purpose of future force planning, when
the maintenance burden will become so burdensome,
or the aircraft availability so poor, that it will no longer
be viable to retain the aircraft in the inventory

To provide a comprehensive approach that addresses these
challenges, the committee recommends that the Air Force
adopt a three-pronged strategy that includes (1) near-term
engineering and management tasks, (2) a near-term R&D
program, and (3) a long-term R&D program. This overall
strategy is illustrated in Figure II-1.

Engineering and management tasks are near-term actions
(within three to five years) to improve the maintenance and
force management of aging aircraft. Each of the three aging
aircraft challenges are shown on the left side of the figure
connected to the primary engineering and management task
that addresses each challenge. It should be noted, however,
that this is not exclusively true. For example, the engineering
task of obtaining improved corrosion control programs is
connected to the challenge to minimize maintenance costs and
improve readiness, since corrosion is currently the major
contributor to maintenance costs and does not normally affect
structural safety. However, corrosion could become a safety
issue if not brought under control. Likewise the primary focus
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of the engineering tasks of updating durability and damage
tolerance assessments, force structural maintenance plans,
and tracking programs is to protect the structural safety, but
they also impact maintenance costs and force readiness. The
task of estimating the economic service life of an aircraft
weapon system involves both engineering and management;
engineering predictions of structural deterioration need to be
coupled with a number of cost and operational considerations
to arrive at the most probable time that the Air Force should
plan on replacing the system. The last three tasks in Fig-
ure II-1 deal primarily with the Aircraft Structural Integrity
Program and postproduction force management concerns dis-
cussed in Chapter 2 and further expanded in Chapter 5.

With the exception of the technology transition task, which
is considered to be a continuous effort throughout the life of
a weapon system, all of the near-term engineering and man-
agement tasks are shown to extend over a five-year period.
Also, it is envisioned that some of the tasks should have
periodic updates about every five years as indicated in the
figure. The background justification and specific recom-
mended actions for each of the eight engineering and man-
agement tasks are included in Chapter 5.

Supporting the near-term engineering and management
tasks are the near-term R&D efforts that the committee be-
lieves should be performed under the direction of the Air
Force’s laboratories either in-house or by supporting contrac-
tors and academic institutions. Also, the Air Force laborato-
ries should utilize the results from complementary near-term
R&D efforts that are under the direction of other government
agencies (i.e., the National Aeronautics and Space Admini-
stration, the Federal Aviation Administration, and the Navy).
Figure II-2 illustrates the basic elements of both the near-term
and the long-term R&D programs. The near-term program
includes those efforts that reasonably can be expected to
provide results that will assist in the performance of the
near-term engineering tasks during the next five years. The
long-term R&D program includes those efforts that the com-
mittee believes will take longer than three to five years to
achieve a mature technology that could be adopted by indus-
try or the Air Force aircraft maintenance organizations, but
nevertheless should be initiated now, or continued if they
already have been initiated. These efforts are typically higher
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FIGUREII-1 Recommended overall strategy to address Air Force aging aircraft challenges. Strategy includes near-term engineering and management

tasks and near-term and long-term R&D programs.

risk than the near-term R&D efforts, but the potentially high
payoff justifies their pursuit.

Included in Part II are descriptions of recommended near-
term engineering and management tasks; assessments of cur-
rent and planned research administered by the aging aircraft
research program (detailed assessments are contained in the
committee’s interim report [NRC, 1997]); identification of
near-term and long-term research opportunities in the areas
of fatigue (low-cycle fatigue, high-cycle fatigue, and environ-
mental effects), corrosion and stress corrosion cracking, and
inspection and maintenance technology (nondestructive
evaluation and maintenance and repair); and prioritization of
recommended research.

Although the investigation of structural aging phenom-
ena is an inherently interdisciplinary endeavor, for conven-
ience the recommended research is presented separately for
individual topical areas. Chapters 6 (fatigue), 7 (corrosion
and stress corrosion cracking), and 8 (nondestructive
evaluation and maintenance) describe R&D opportunities
focused on the aluminum structures that dominate the
current aging aircraft problems. Chapter 9 provides priori-
tization of the near-term and long-term research recom-
mendations. Finally, Chapter 10 describes issues related to
composite primary structures that are becoming more com-
mon on newer aircraft that represent the next generation of
aging aircraft.
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FIGURE II-2 Basic elements of the recommended near-term and long-term R&D programs.
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Engineering and Management Tasks

UPDATE OF DURABILITY AND DAMAGE
TOLERANGCE ASSESSMENTS

As noted in Chapter 4, a number of aircraft failures result-
ing from fatigue crack growth from preexisting flaws or
defects, which were introduced during material processing or
manufacturing, caused the Air Force to extensively revise
their Aircraft Structural Integrity Program (ASIP) in the early
1970s to include damage tolerance requirements. These re-
quirements were defined in MIL-A-83444 (DOD, 1987) and
MIL-STD-1530A (DOD, 1988) and were incorporated into
the designs of the new aircraft then under way (e.g., the B-1A,
F-16, and A-10). However, to protect the structural safety and
assess the durability of the vast majority of Air Force aircraft
that were not designed to these requirements, the Air Force
and the aircraft contractors performed durability and damage
tolerance assessments (DADTAs) on the aircraft models that
were already in the operational inventory. By the early 1980s
DADTASs had been performed on the F-4C/D/E, A-7D, C-5A,
C-141, F-111, B-52D, E-3A, F-5E, T-38, T-37/A-37,
KC-135, SR-71, T-39, KC-10, C-130, and F-15. Also, be-
cause of changes in use conditions, the durability and damage
tolerance of both the A-10 and F-16 had to be revisited after
only a short time in operational service.

From the standpoint of safety, the most important outputs
from these assessments were the identification of fatigue-
critical areas, the determination of safety limits for these
areas, and the development of safety inspection requirements.
In addition, for some of the larger transport aircraft, estimates
were made of the onset of widespread fatigue damage (WFD)
and risk analyses were performed (e.g., on the C-5A, KC-135,
and C-141). Where appropriate, lower-bound estimates were
made of the major component modification or replacement
times and modification options were defined.

The overall approach or methodology used in conducting
the DADTAES is illustrated in Figure 5-1. As can be seen in
this figure, the four primary tasks in the assessments are
(1) the identification of fracture-critical areas;’ (2) the devel-
opment of the operational stress spectra for these areas; (3) an
assessment of initial flaw distributions and/or the maximum

e rapid crack propagation and part failure could lead to the loss of the
aircraft, it is defined as a fracture-critical area.

39

probable initial flaw sizes; and (4) the determination of the
safety limits, inspection intervals, and, for fail-safe designs,
the estimated onset of WFD. The results were then used to
update the individual aircraft tracking programs and the force
structural maintenance plans for the aircraft, both of which
are key elements of ASIP.

Air Force-Supported Aircraft

To obtain improved visibility of the actions that will be
necessary to protect the structural safety of the Air Force’s
aging aircraft listed in Table 3-1 throughout their projected
operational lives and to obtain the best estimates as to when
the aircraft will likely be facing the economic impacts of
major modifications or replacements, the committee strongly
recommends that the DADTAS of these aircraft be updated
periodically. In general, an update about every five years is
appropriate.

The urgency to perform these updates varies among the
different aging aircraft types, depending on several factors:
(1) whether the aircraft structure is designed to be fail-safe or
is largely of a single load-path design, where missing a critical
area could lead to the loss of an aircraft; (2) whether a
replacement aircraft has been identified and the older aircraft
are being phased out of the inventory; (3) the extent and nature
of fatigue cracking problems the aircraft are currently encoun-
tering; and (4) whether there has been a recent independent
review of the aircraft and corrective actions are already under
way. Table 5-1 summarizes these different factors for each of
the Air Force’s aging aircraft types shown previously in Table
3-1. Also shown in Table 5-1 is the committee’s assessment
of the priority that should be assigned to performing the
DADTA update for each type of aircraft. Those of greatest
concern, based on the highest potential for structural safety
problems, were given a number 1 priority and those with the
least immediate concern were given a number 3 priority.
However, it is recommended that the DADTA update be
performed on all of the aircraft within the next five years and
updated at approximately five-year intervals.

The committee recognizes that the level of effort involved
in performing these updates will vary significantly between
the different types of aircraft as a function of aircraft com-
plexity, variations in use, the numbers and types of cracking
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FIGURE 5-1 Overall approach to durability and damage tolerance assessments.
TABLE 5-1 Prioritization of DADTA Update Needs for Air Force-Supported Aircraft

Fail-Safe Additional Years Replacement Current Fatigue Recent Structural Review Actions

Aircraft Design in Inventory Aircraft Identified Cracking Review” Under Way Priority
KC-135 yes 25+ no limited yes yes 3
C-5A yes 10-25 no no report no no 2
C-141B yes 0-8 yes (C-17) yes yes yes 3
A-10 no 25+ no yes no no 1
B-52H no 25+ no yes no no 3
B-1B no 25+ no yes yes (horizontal tail) yes 2
F-15 no 5-25 yes (F-22) limited no no 2
F-16 no 10-25 yes (JSF) yes yes (fuselage bulkhead) yes (bulkhead) 1
C-130E/H yes 25+ some (C-130J) limited yes (fuselage) unknown 2
E-3 (AWACS) yes 17-25 no limited no no 3
E-8 (JSTARS) yes 15-20 no yes yes (wings) unknown 2
EC-135 yes 25+ no limited yes yes 3
U-2°¢ no 25+ no unknown no no 1
EF-111 no <5 no limited no no none”
T-37B no 0-12 yes (JPATS) limited no no 3¢
T-38 no 25+ no yes no no 1

“Within the past three years.

®The lower priority is because 2 DADTA update was performed in 1995.

“This aircraft was developed for the government and is maintained by the manufacturer rather than by an air logistics center.
“Based on the assumption that all aircraft will be retired in less than five years as planned.

*DADTA is currently being performed by Southwest Research Institute. Update suggested within five years.
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problems encountered, and how well the different air logistics
centers (ALCs) and the airframe contractors have been per-
forming the applicable ASIP tasks on a continuing basis
during the aircraft’s past operational use. As a minimum, the
effort may merely require a summary of available data (e.g.,
critical areas, safety limits, inspection requirements, esti-
mates of the onset of WFD, estimated future modification and
replacement times, and possible future fatigue test needs) and
a detailed review by the proposed Aging Aircraft Technical
Steering Group discussed later in this chapter. For other
aircraft it will require further identification of critical areas,
stress spectra development, crack growth calculations and
tests, and perhaps some tear-down inspections and/or full-
scale fatigue testing.

Contractor Logistics-Supported Commercial-
Derivative Aircraft

In a similar manner to the criteria for Air Force-supported
aircraft (previous section), priorities are suggested for con-
tractor logistics-supported commercial-derivative aircraft. In
addition to the criteria described in the previous section for
Air Force-supported aircraft, the experience with the com-
mercial-equivalent aircraft can be taken into account.

The KC-10 and C-27 have previously had DADTAs. It is
recommended that they be updated within the next five years.
Because there is no immediate safety concern, a priority 3 is
suggested.

The E-4, T-43, and C-9 have average ages of 23, 24, and
26 years with plans to keep them in the inventory for many
more years. It is recommended that the Air Force form an
independent team to review these aircraft. This team should
consist of a small number of structures and materials experts
chartered to assess the current condition of the aircraft, review
the current use spectra, and determine if the current contractor
database is sufficient to estimate the onset of WFD and the
probable major component modification or replacement
times or if DADTAs should be performed. The committee
suggests that these reviews be performed within the next five
years. Because of the much higher use, it is recommended that
the C-9 be addressed first. A priority 2 is suggested for the
C-9 and priority 3 for the E-4 and T-43.

The C-18, C-22, and the VC-137 aircraft have quite high
utilization times. There is some concern about the possible
onset of WFD for the C-18, C-22, and possibly the VC-137.
Thus, the committee recommends that an independent struc-
tures review be conducted by a team of structures and mate-
rials experts in the near future. If the high-use VC-137s are
replaced by the C-32, they of course could be dropped from
the review. Because of the potential safety implications, a
priority 1 is suggested for these reviews.

For the utility and commuter class commercial-derivative
aircraft (i.e., the C-12, T-1A, C-21, C-23, C-26, C-20, E-9,
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UV-18, and T-3), the committee recommends that the Air
Force initiate damage tolerance surveys, by a small team of
structures and materials experts, similar to those conducted
during this past year by the Federal Aviation Administration
(FAA) on a number of other types of aircraft in this size class.
These surveys should provide a preliminary assessment of the
aircraft’s damage tolerance, current structural health and es-
timated longevity, and the potential need for a detailed
DADTA. The surveys should be conducted first on the older
aircraft or aircraft where structural problems may have al-
ready been identified.?

UPDATE OF FORGE STRUCTURAL MAINTENANCE
PLANS AND INDIVIDUAL AIRCRAFT TRACKING
PROGRAMS

The fourth and fifth tasks of the Air Force’s ASIP (shown
in Table 2-1) deal with force management. It is here that the
results of design, analysis, and full-scale test activities in the
previous parts of ASIP (including subsequent DADTAS)
come together to define the specific actions that must be taken
to protect the safety of the individual aircraft and allow for
the timely and cost-effective structural modifications. The
two key force management activities in ASIP are the devel-
opment of the force structural maintenance plan (FSMP) and
the individual tracking program (IATP).

Force Structural Maintenance Plan

During the initial design, the intent was to minimize the
amount of structural maintenance that would be needed
throughout the life of an aircraft, assuming that the aircraft is
used as planned (i.e., it is flown to the design use spectrum).
However, full-scale fatigue testing to the design spectrum will
uncover critical areas missed during design and analysis,
which then necessitates additional damage tolerance analysis,
in-service safety inspections, and perhaps in-service modifi-
cations. It is the definition of when, where, how, and the
estimated costs of these inspections and modifications that
constitute the basis for the initial FSMP.

Recognizing that the actual service use of military aircraft
often differs from the original design use spectra, ASIP
requires that a loads/environment spectra survey be con-
ducted during the first two or three years of operational
service to obtain actual use data that can be used to update the
original design spectrum. These surveys generally consist of
instrumenting 10 to 20 percent of the fleet and using a

2For example, a potential fatigue cracking problem has been reported
(by the Air Force’s contractor logistics support office) to exist in some C-12
wing spars. This is a potential safety concern, since the structure is not a
fail-safe design.
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multichannel recorder (or more recently, microprocessor sys-
tems) to record such data as vertical and lateral load factor;
roll, pitch, and yaw rates; roll, pitch, and yaw accelerations;
altitude; mach number; rudder and aileron position; and se-
lected strain measurements. These data are then used to
generate a new baseline operational spectrum, and new dam-
age tolerance analyses are performed to update the safety
inspection and modification requirements with the results
added to the FSMP. This updated FSMP then forms the basis
for planning and scheduling the structural fatigue mainte-
nance for the overall aircraft weapon system. The damage
tolerance analysis should be updated and the results used to
update the FSMP any time that there are significant changes
in use; when operation is extended beyond the original life
goal; or new analysis, test, or service experience indicate a
growth in the number of fatigue-critical areas.

individual Aircraft Tracking Program

In addition to the force-wide baseline operational use spectra
being different from the original design spectra for military
aircraft, the individual aircraft use within the force may be
either more or less severe than that represented by the baseline
spectrum. These variations from the baseline spectrum can be
quite large, particularly for the high-performance combat type
aircraft. Accordingly, the Air Force has included the require-
ment for individual aircraft tracking as part of the ASIP.

The IATPs for the various types of aircraft within the Air
Force inventory vary with regard to data acquisition and
processing procedures. For the larger tanker, transport and
bomber aircraft (e.g., the KC-135, B-52, and C-141), where
the excursions in the flight spectra are relatively small, flight
logs and pilot use forms (i.e., Air Force technical order form
16 and tactical maneuver supplemental forms) have been
found to be satisfactory to track the aircraft use. For the fighter
and attack aircraft the use of counting accelerometers and
VGH (velocity; ground range and height) recorders were
commonplace in the past, but are limited because they are not
able to accommodate critical areas of the structure that are
sensitive to asymmetrical loading. The use of multichannel
recorders (e.g., the MXU-553), which record many more
flight parameters, overcomes this limitation. More recently,
the older tape systems are being replaced (as funding will
allow) by microprocessor systems, further expanding data
capture. Computerized methods have been developed and are
used to reduce the measured flight data and to adjust the
crack-growth-based damage rates and inspection intervals for
each of the critical areas in the airframe for individual aircraft
use. As the aircraft ages, the number of critical areas and
inspections increase. When this happens, the IATPs must be
updated to accommodate these changes.

Although there has been some discussion about upgrading
the Air Force’s IATP to track potential corrosion damage
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and/or corrosive environments as well as fatigue damage, the
committee believes that the application of sensor devices and
data analysis and processing equipment in existing aircraft is
currently impractical because of the large number of aircraft
involved, the large sizes of affected areas in the aircraft most
prone to corrosion damage (i.e., the large transport, tanker,
and bomber aircraft), and the cost and intrusiveness of system
installation. However, developments in multifunctional
chemical and physical sensors (NRC, 1995), microelec-
tromechanical systems, and smart diagnostics do provide
some hope that long-term research in on-board health moni-
toring can be productive.

Following the completion of the updates of the DADTAs,
which were recommended above, the committee recommends
that

e the inspection and modification requirements in the
FSMPs be updated to reflect any changes in the baseline
operational spectra and any additional critical areas that
were identified, which in turn will increase the inspec-
tion requirements and possibly necessitate new modifi-
cations

o the IATP for each aircraft weapon system be updated
to reflect additional critical areas that need to be tracked
plus any changes in sensors, recording equipment, or
analysis procedures that may be deemed necessary to
protect the structural safety of the aircraft. In particular,
the Air Force should push for the force-wide use of the
microprocessor-based recorders because of their im-
proved reliability and the expanded data capture.

STRESS CORROSION CRACKING ASSESSMENTS

Although the environmental protection measures and ma-
terial substitutions to eliminate corrosion-susceptible materi-
als that take place as part of an aircraft’s corrosion prevention
and control program (CPCP) also apply to the prevention of
stress corrosion cracking (SCC), there are some unique as-
pects about SCC that make this structural deterioration
mechanism much more dangerous than other forms of corro-
sion. Thus, the committee believes that SCC deserves special
attention. Stress corrosion cracks are characteristically inter-
granular and can occur with little or no evidence of corrosion
products and as a result are often difficult to detect visually.
Although they generally have not caused flight-safety prob-
lems, because of their orientation with respect to the applied
flight stresses (see Chapter 4), this cannot always be consid-
ered to be a certainty. If large in-plane stress corrosion cracks
or delaminations go undetected they could cause a loss in
shear strength and trigger failure modes other than the tensile
mode normally associated with crack propagation. Also, in
thick sections (e.g., complex machined fittings) where there
may be irregular grain flows and three-dimensionally applied
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stresses, it is often difficult to predict if a stress corrosion
crack will turn normal to the largest component of stress and
result in a tensile fracture.

For fail-safe structural designs, a part or component failure
caused by a stress corrosion crack is much less of a concern
than in safe crack growth designs because of the second line
of defense provided by the surrounding intact structure. In
fact, over the years there have been many part failures caused
by SCC in both commercial and military aircraft. When this
occurs, the parts are generally replaced, ideally with new parts
made from more-stress-corrosion-resistant materials. For
safe crack growth designs, which are generally associated
with high-performance combat aircraft, it is important that the
stress corrosion cracks be prevented from occurring or that
they be detected before failure, since failure of the parts or
components may lead to the loss of the aircraft. As an aircraft
ages and protective finishes and coatings break down, con-
cern over part failure caused by SCC becomes more acute. As
aresult the committee believes that there is a need for the Air
Force to periodically assess the susceptibility of their aging
aircraft to SCC and take actions to diminish the occurrence
of SCC and prevent future part failures. Particular attention
should be given to structures that are not designed to be
fail-safe.

The committee recommends that the Air Force include an
assessment of the vulnerability of each of their aging aircraft
to structural failure caused by SCC or SCC combined with
fatigue as part of the DADTA updates proposed in this
chapter. Specifically, the committee recommends that

e stress-corrosion-critical areas be identified based on
past service experience, the susceptibility of the mate-
rials to SCC, grain orientations, and probable levels of
both applied and residual stresses

e the engineers performing the DADTA update make an
evaluation of potential failure modes and consequences
of failure for each stress-corrosion-critical area

¢ protection, inspection, modification, and replacement
alternatives be developed as necessary (see recom-
mended short-term research in Chapter 7)

IMPROVED CORROSION CONTROL PROGRAMS

The 1988 accident of the Aloha Airlines 737 aircraft
(NTSB, 1988) resulted in much attention being paid to the
aging aircraft issue both by the commercial and the military
aviation sectors. Although this accident was primarily the
result of WFD,” it focused attention on all of the factors that
can contribute to structural deterioration, including corrosion.

3Loss of adhesion in the cold-bonded fuselage lap splice contributed to
the early fatigue cracking at knife-edged countersunk fastener holes.
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Both the commercial and the military sectors have since taken
actions to reduce corrosion and the very high associated
maintenance costs.

In the commercial sector, the Air Transport Association
and the Aerospace Industries Association in cooperation
with the FAA, established the Airworthiness Assurance Task
Force to evaluate potential deficiencies in current commer-
cial practices and to provide recommendations and guidance
to the FAA and the airline industry on maintaining the
structural integrity of 11 different aging aircraft models,
including the Boeing 707, 727, 737, and 747; the Airbus
A-300; the BAC 1-11; the Fokker F-28; the Lockheed
L-1011; and the Douglas DC-8, DC-9, and DC-10. In 1992
the Airworthiness Assurance Task Force was incorporated
into the FAA’s Aviation Regulation Advisory Committee as
the Airworthiness Assurance Working Group (AAWG),
shown schematically in Figure 5-2. The AAWG proposed a
mandatory CPCP to be tailored to each aircraft and operator
and implemented by the FAA by airworthiness directives.
The need for this program stemmed from fleet surveys, main-
tenance cost reviews, and comments from operators, all of
which pointed to the fact that corrosion resulted in the single
largest investment in time and resources in aircraft mainte-
nance programs, and that, in some cases, the aircraft were
being maintained in conditions below the manufacturer’s
expectations. On the other hand, operators that already had
comprehensive CPCPs in place experienced much lower
amounts of corrosion than those that did not. In fact, if the
programs were implemented early in the aircraft’s life, the
aircraft remained essentially corrosion free. Also, it was noted
that operators who utilized liberal applications of corrosion-
preventive compounds showed significantly reduced corro-
sion damage. The essential elements of the AAWG overall
CPCP are

¢ inspection of all primary structures

e initial and repeat inspection intervals based on calendar
time rather than flight hours or number of flights

¢ performance of basic maintenance tasks, including ex-
posure of the corroded area, cleaning, inspection, re-
work as required, reapplication of corrosion-preventive
treatments

o adjustments in the aircraft’s overall maintenance pro-
gram to maintain a corrosion severity of Level T or
better (as described below)

The CPCP for each specific type of aircraft was developed by
that aircraft’s structures task group, which was made up of
representatives from the manufacturer, the operators and
maintainers, and the FAA.

In the development of CPCPs, the commercial aircraft
industry has established severity classification criteria to
guide maintenance programs. Corrosion severity is consid-
ered to fall into one of the following three classes:
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Aviation Regulation Advisory Committee
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737 DC-10 — Fokker/USAir
747 — L-1011/Delta

FIGURES5-2 Organization of commercial aircraft industry aging aircraft working groups. Source: Hidano and

Goranson (1995).

Level I corrosion. (1) Corrosion damage occurring
between successive inspections that is local and can be
re-worked/blended-out within allowable limits as de-
fined by the manufacturer; or (2) corrosion damage
occurring between successive inspections that is wide-
spread and can be reworked/blended-out well below
allowable limits as defined by the manufacturer; or
(3) corrosion damage that exceeds allowable limits and
can be attributed to an event not typical of the operator’s
use of other airplanes in the same fleet (e.g., mercury
spill); or (4) operator experience over several years has
demonstrated only light corrosion between successive
inspections but latest inspection and cumulative blend-
out now exceed allowable limit.

Level II corrosion. (1) Corrosion occurring be-
tween successive inspections that requires a single
re-work/blend-out which exceeds allowable limits,
requiring a repair/reinforcement or complete or par-
tial replacement of a principal structural element, as
defined by the original equipment manufacturer’s
structural repair manual, or other structure listed in
the baseline program; or (2) corrosion occurring

between successive inspections that is widespread and
requires a single blend-out approaching allowable re-
work limits.

Level Il corrosion. Corrosion found during the first
or subsequent inspections, which is determined (nor-
mally by the operator) to be an urgent airworthiness
concern requiring expeditious action. Note: When level
III corrosion is found, consideration should be given to
action required on other airplanes in the operator’s fleet.
Details of the corrosion findings and planned action(s)
should be expeditiously reported to the appropriate
regulatory authority (Boeing, 1994:1.1-1-1.1-2).

A CPCP is considered effective if corrosion of identified
critical structure is limited to Level I or better.

The intent of these CPCPs is to ensure that corrosion is
never allowed to progress to the point that it could become a
safety issue (hence the emphasis on primary structure). The
secondary benefit of the programs is to reduce the operators
long-term corrosion maintenance costs.

In the military sector, the Air Force established a Corrosion
Program Office at the Warner-Robins Air Logistics Center to
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oversee and coordinate the Air Force’s corrosion prevention
and control activities. However, the development, implemen-
tation, and execution of specific weapon system corrosion
control efforts is the responsibility of the specific system
program director. Guidance is provided by Technical Or-
der 1-1-691, which is a tri-service (Navy/Army/Air Force)
coordinated manual entitled “Aircraft Weapons Systems
Cleaning and Corrosion Control,” published January 1992.
This manual provides detailed information on such items as
preventive maintenance procedures, methods, and materials;
inspection techniques; corrosion and paint removal methods
and the application of surface treatments; and procedures for
applying sealing compounds. Appendix E to this manual is
for Air Force use only and contains additional information on
aircraft cleaning procedures and intervals as a function of
aircraft basing, shot peening and roto peening procedures, and
chemical corrosion removal procedures. It is intended that
this tri-service manual be used in support of Air Force aircraft
manuals and, in the event of conflict, the aircraft manual
would take precedence. The Air Force Corrosion Control
Office along with the Naval Air Systems Command and the
Army Aviation Systems Command are responsible for the
maintenance of the manual.

The tri-service manual has a great deal of detailed infor-
mation on corrosion prevention and control, and a significant
effort is being made by the Corrosion Control Office to reduce
corrosion in the Air Force’s aging aircraft. However, the
committee believes that the Air Force does not have the type
of comprehensive CPCP for each of its aging aircraft weapon
systems on the level of those mandated for commercial air-
planes. The committee does not believe that corrosion can or
will be completely eliminated in the Air Force’s aging air-
craft, but with comprehensive programs similar to those
established for commercial aircraft, corrosion can be reduced
significantly.

The committee recommends that the Air Force undertake
the following actions to improve corrosion prevention and
control in the aging forces:

o The Air Force’s system program directors, in concert
with the appropriate major commands and the Corro-
sion Control Office, should perform an internal audit of
each of the Air Force’s commercial-derivative aging
aircraft (i.e., the E-3, E-8, E-4, VC-25, T-43, C-137,
C-18, C-22, KC-10, and C-9) to ensure that the corro-
sion control programs are in full compliance with the
CPCPs mandated for commercial counterparts. In ad-
dition to the primary structures covered by the commer-
cial programs, the Air Force should ensure that
adequate corrosion control measures are being applied
to corrosion-susceptible secondary structures.

e The Air Force’s system program directors, in concert
with the appropriate major command and the Corrosion
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Control Office, should review the detailed corrosion
control programs of each of the Air Force’s aging
aircraft listed in Table 3-1 that is not scheduled to be
retired in the near future (i.e., the KC-135, C-5, A-10,
B-52H, B-IB, F-15, F-16, C-130E/H, U-2, and T-38)
and upgrade them as necessary to a level equivalent to
or better than the CPCPs that are mandated for commer-
cial aircraft. Again, corrosion-susceptible secondary
structures as well as the primary structures should be
included in the programs.

e The Air Force’s ALCs, with the Corrosion Control
Office, should evaluate the applicability and cost effec-
tiveness of dehumidification, as described in Chap-
ter 4, to reduce the likelihood of corrosion.

ECONOMIC SERVICE LIFE ESTIMATION

As discussed in Chapter 4, major economic impacts can be
expected to occur with the onset of WFD in fail-safe-designed
aircraft structures and with the rapid growth in the number of
fatigue-critical areas in safe-crack-growth-designed aircraft
structures. When either of these occur, the options are to
modify the structure, replace major portions or components of
the airframe, or retire the aircraft. If the economic impact is
sufficient to justify retirement, this would constitute the eco-
nomic service life of the aircraft. However, there are a number
of other factors that also contribute to the economic service
life, and this should be viewed from the broader perspective of
the total cost to operate an aircraft system. There are several
examples in which it has been cost effective to modify or
replace major components of an airframe, even when they have
experienced WFD. Some of these aircraft have continued in
service for many more years (e.g., the KC-135, C-5A, and
C-141). On the other hand, it appears quite possible that the
economic burden of operating a given type of aircraft could
become excessive before the onset of WFD or the rapid rise in
fatigue-critical areas. For example, it was pointed out in Chap-
ter 4 that corrosion (including SCC) is currently the most
costly maintenance problem for the Air Force’s aging aircraft.
If not substantially diminished in the future through improved
prevention and mitigation measures, corrosion damage, either
by itself or in combination with fatigue cracking, could cause
the Air Force to undertake major modifications, major com-
ponent replacements, or perhaps aircraft retirement.

Clearly, as was pointed out in Chapter 2, there is a need
for an overall economic service life estimation model that
integrates the estimates of structural deterioration caused by
fatigue, corrosion, and SCC with all other operating cost
elements. The current lack of such a tool inhibits Air Force
planners from establishing a realistic time table to phase out
a current system and to begin planning for replacement air-
craft. Some examples of cost elements that should be tracked
and projected for inclusion in such a model are related to
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field-level personnel, facilities, materials

depot-level personnel, facilities, materials

acquisition and repair of repairable parts

acquisition and repair of consumable parts

support equipment

field-level sortie generation: fuel, maintenance production
depot maintenance program: programmed depot main-
tenance, analytical condition inspection, and speedline
production

e structural and subsystem modifications: repair and
maintenance technology insertion, safety, mission ca-
pability

field-level maintenance: isochronal inspections
engine depot overhaul program

sustaining engineering

environmental impacts

In addition to these cost elements, there are several opera-
tional metrics that can be used by the aircraft system program
managers to develop an overall assessment of a system’s
operational effectiveness, such as

mission capability rate

sortie generation/abort rate

“not mission capable” rates

maintenance man hours per flight hour

depot flow time and quantity of aircraft in depot status
parts cannibalization rate

accident rate

The problem of service life estimation is complicated not
only by the technical difficulties involved in predicting the
onset of WFD and the growth in fatigue-critical areas and the
numerous factors affecting structural deterioration caused by
corrosion, but also by the interrelationships and the relative
importance of the many cost and operational metrics listed
above. Ideally, the service life estimation model should utilize
the best possible technical estimates of the major structural
modification and/or component replacement times, account
for the cost and operational metrics listed above, and balance
and weigh their relative importance.

The committee recommends that the Air Force make a
concerted effort to develop a credible service life estimation
model or methodology that would be accepted by the Air
Force senior management and the Department of Defense
decision makers (e.g., the Defense Acquisition Board ) as the
authoritative guide for supporting replacement decisions and
budget inputs. Such an analysis could be considered to be
analogous to the cost and operational effectiveness analysis
(COEA) that is undertaken early in a weapon system acqui-
sition cycle to support milestone decisions, but in this case
would be done later in the system life cycle to support a
modification/update or replacement decision. When the
model is completed, it is recommended that it be used to
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update the service life estimates for the Air Force’s aging
aircraft listed in Table 5-1.

CONTINUED ENFORCEMENT OF THE AIRCRAFT
STRUCTURAL INTEGRITY PROGRAM

The Air Force has been very successful in controlling
structural fatigue failures for more than two decades. One of
the primary factors contributing to this success has been the
rigid enforcement of the ASIP. Internal compliance by Air
Force management was directed by Air Force Regulation
AFR 80-13, and contractor compliance was achieved by
making MIL-STD-1530 and supporting specifications part of
the weapon system contract. Placing ASIP on contract en-
sured that the damage-tolerance-based inspection and main-
tenance requirements would be developed, and the AFR
ensured that the Air Force would follow through with their
implementation, including the incorporation of adjustments
to the inspection and modification times brought about by
changes in aircraft use. ASIP has also provided industry with
guidance on all of the design, analysis, and test requirements
necessary to achieve the aircraft’s design service life goal and
has provided Air Force engineers the basis for making sound
technical recommendations to system program directors con-
cerning the aircraft structure. It is for these reasons that the
committee is very concerned that ASIP, per MIL-STD-1530
and its supporting specifications, will no longer be placed on
aircraft acquisition and modification contracts due to former-
Secretary of Defense Perry’s initiative to reduce the use of
government specifications in acquisition programs.

The guidance provided under the initiative directs that the
intent of rescinded specifications be incorporated, if appro-
priate, into contracts through performance requirements,
thereby giving contractors wider latitude and greater discre-
tion in how to meet them. The Air Force is presently convert-
ing AFR 80-13 to an Air Force Instruction and the ASIP
standards and specifications to a “guidance document” for use
by government and industry for executing the program. Al-
though these are important first steps, the committee does not
believe that they go far enough. The committee believes that
the “guidance document” approach will still be vulnerable to
inconsistent interpretation and application between the vari-
ous program offices within the Air Force. This approach will
also leave industry uncertain as to the acceptability of their
ASIP-related engineering practices to the various government
weapon system program offices and result in ASIP provisions
in a program that is more vulnerable to programmatic cost
reductions. The end result can be incomplete or omitted ASIP
tasks that would seriously degrade the effectiveness of the
FSMP, which is designed to protect the structural safety of
the aircraft.

Short of reinstating AFR 80-13, MIL-STD-1530, and sup-
porting specifications, the committee recommends that the
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Air Force take the lead in pursuing the development of a
National Aerospace Standard for ASIP. Such a standard
would result from the coordinated efforts of the military
services and industry as to what constitutes an acceptable and
affordable ASIP for new aircraft acquisitions and modifica-
tions to existing systems. The standard would be issued by
industry and referenced by the government as a measure of
acceptable compliance with contractual ASIP performance
requirements. This approach would effectively communicate
the government’s requirements to industry and reduce the
likelihood of inconsistent application and execution of ASIP
tasks. It is anticipated that the end result would be a continued
high level of operational safety and improved force structure
management.

TECHNICAL OVERSIGHT AND RETENTION OF
TECHNICAL CAPABILITIES

Much of the success of the Air Force ASIP during the past
two decades can also be attributed to the competency of the
ASIP managers and the engineering support groups within
the maintenance organizations and the technical oversight
provided by an Air Force Matériel Command, Aeronautical
Systems Center (AFMC/ASC) standing committee that has
guided the many DADTASs that have been performed. In
addition, various Air Force Scientific Advisory Board (SAB)
and Division Advisory Group ad hoc committees have con-
tributed to this success.

The aging aircraft engineering disciplines that have been
developed and typically reside within the ALC’s technology
and industrial support engineering (TIE) organizations in-
clude specialists in nondestructive inspection, stress analysis,
design of structural repairs, fracture mechanics analysis, fail-
ure analysis, and corrosion control. However, these groups
also draw on the expertise of AFMC/ASC engineering and
the Wright Laboratories for assistance on specific problems.
Where major modifications or a detailed knowledge of the
aircraft design are involved, the ALC normally contracts with
the original equipment manufacturer for the required assis-
tance, which has been the case for most of the DADTAs that
have been performed over the years.

The committee believes that, in recent years, the Air
Force’s capability to support ASIP and perform structural
assessments has deteriorated somewhat as a result of budget
and manpower reductions and grade-level limitations within
the ALCs. Unfortunately the reduction in capability comes at
a time when the need for capabilities has been increasing
because of the aging of the force. ASIP managers are bur-
dened with day-to-day maintenance problems and program
cost and schedule pressures that aliow them little time to focus
on the broader issues such as implementing improved corro-
sion controls or obtaining improved estimates of when to
expect the onset of WFD. Also, there seems to be considerable
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variability in the engineering capabilities among the different
ALCs, perhaps because of insufficient policy direction and
oversight from AFMC headquarters (HQ AFMC). Finally,
there is no single technical focal point to coordinate ASIP, the
supporting DADTAs, and the aging aircraft structures issues.
A standing committee that at one time monitored DADTAs
has been discontinued.

Although the committee does not believe that these appar-
ent reductions in technical capabilities and oversight are
currently jeopardizing structural safety, the prognosis for the
future of the aging force is not optimistic unless the following
near-term actions are taken.

First, the committee recommends that HQ AFMC form an
aging aircraft engineering resources group consisting of en-
gineering management representatives from AFMC head-
quarters, Aeronautical Systems Center’s engineering and
technical management organization (ASC/EN), Wright
Laboratories, and each of the ALC TIE organizations. This
group should be chartered to examine the quantity and quality
of the engineering skills in each of the aging aircraft disci-
plines that are available at the ALCs, ASC/EN, and Air Force
Laboratories and to compare these skills with the projected
requirements over the next five years. Where imbalances exist
between skill requirements and skill availability, the group
should examine alternate methods of fixing the imbalances
(e.g., redistribution of available resources, hiring contract
engineers, more contracted assistance from the original
equipment manufacturers, proposed changes in grade struc-
ture, or proposed additional military and civilian positions)
and prepare a recommended course of action for Air Force
senior management.

Second, the committee recommends that an aging aircraft
technical steering group (AATSG) be formed that reports to
the commander of AFMC and whose chair is a member of the
AirForce SAB. This group should meet no less than two times
a year, but can meet more often if so desired by the com-
mander of AFMC. The method of operation would be similar
to the existing division advisory groups, which implies that
the chair report to the SAB steering committee on a semian-
nual basis. The purpose of the steering group would be to
monitor and provide guidance to the various recommended
near-term engineering and near- and long-term research ac-
tivities discussed in this report and to report on progress and,
as necessary, potential problems. They would also provide
advice and surveillance over near- and long-term research
programs to ensure seamless transition of technologies (6.1
through 6.7) into aging aircraft. The members of the AATSG
would be selected by the Air Force, in consultation with the
SAB, from the government, industry, and academia and rep-
resent the various aging aircraft technical disciplines.

Third, the committee recommends that five technical
working groups be formed (i.e., one for each of the five basic
elements of the proposed near-term and long-term R&D
programs as shown in Figure II-2). These working groups
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would consist of technical specialists from the Air Force
Office of Scientific Research, Wright Laboratories, ASC/EN,
and the ALC system management and TIE organizations and
would form the technical link from basic research (6.1)
through implementation (6.7). These groups would be re-
sponsible for understanding and interpreting user needs and
ensuring that the R&D efforts in each of the five basic
elements are focused on meeting these needs in a timely and
economical manner.

Finally, the committee recommends that HQ AFMC ap-
point a single knowledgeable and experienced technical
leader responsible for the oversight of the aging aircraft
engineering and the near-term and long-term R&D activities
recommended in this report. The selected individual would
serve as the primary point of contact with the AATSG and the
internal technical working groups and would have the author-
ity to provide the overall day-to-day technical direction to the
structural aging aircraft program. The selected individual
should report to the appropriate management level within
AFMC so as to be given the authority and stature necessary
to execute the assigned tasks.

TECHNOLOGY TRANSITION INTO AGING AIRCRAFT

One of the most effective ways for increasing the reliability
and speed of nondestructive evaluation and reducing the costs
of repairing aircraft with structural cracking and corrosion
problems is through the transition of improved technologies
into application. In the past, this has been difficult for the
system program directors because the links with technology
development activities (e.g., labs, industry, other services)
were not well established. As a result, system program direc-
tors often acquired technologies to solve their specific weapon
system problems using internal sustaining-engineering funds.
Often, these initiatives required a modest amount of develop-
ment and in many cases had generic characteristics that would
permit application to other systems. Very seldom, however,
were these technologies made available to, or embraced by,
other system program directors. In addition, existing technolo-
gies available in industry or in other services often went
undiscovered. Considerable improvement has occurred in re-
cent years as a result of the AFMC technology master process
described in Chapter 2, which created a linkage between the
technology users (system program directors, ALCs, major
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commands) and the technology producers (laboratories, indus-
try, other military services). There s clear evidence of substantial
improvement in the number of laboratory technology programs
that focus on the problem of aging aircraft. Although this pro-
gress is evident in programs involving 6.1, 6.2, and 6.3 funding,
there has not been a commensurate improvement in the pro-
grams that implement technology into aging aircraft (e.g., 6.4,
6.3, 6.6, 6.7). System program directors still rely primarily on
producibility, reliability, availability, maintainability, sustaining
engineering, and manufacturing technology funding to bring
emerging technologies to bear on aging aircraft problems. These
funding categories are typically funded well below require-
ments, some are limited to one year for expenditure, and some
have limited application and low funding thresholds per indi-
vidual project. The solution to this problem is to provide
seamless funding of aging aircraft technology transition pro-
grams from 6.1 through 6.7.

The committee believes that the concept of a seamless
funding-budgeting link from 6.1 through 6.7 for aging air-
craft initiatives is very attractive. It is based on the implicit
assumption that the project is fully prepared for implementa-
tion at the next level. For this to be the case, the principal
investigators must fully understand the requirements at the
next level, and at the same time they must exercise enough
discipline in conducting the study to ensure that the project is
able to make the transition at the earliest possible time. This
will foster teamwork between the technology developer and
the technology users. A considerable effort will be required
to make the transitions as straightforward as possible. The
initial step, developing a clear definition of the problem and
the results required, is of key importance. The important point
is for the technology-developer and the technology-user com-
munities to approach aging aircraft technology problems as
an integrated team.

The committee recommends that 6.1, 6.2, and 6.3 aging
aircraft technology programs that are generic and have poten-
tial for wide application not be approved through the technol-
ogy master process unless it is linked to an appropriate 6.4
through 6.7 program to provide transition to force application.
It is critical to the success of the aging aircraft program that a
seamless funding—budgeting link be created from develop-
ment through application. Furthermore, the five technical
working groups recommended by the committee should be
responsible for ensuring that there is a seamless link in
funding for the program from 6.1 through 6.7.
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Research Recommendations: Fatigue

LOW-CYCLE FATIGUE

As described in Chapter 4, there are two primary technical
issues related to low-cycle fatigue:

e the rapid increase in the number of fatigue-critical areas
in safe-crack-growth-designed structures and the po-
tential for missing new areas as they develop

o the onset of widespread fatigue damage in fail-safe-de-
signed structures

Currently, the primary method for identifying fatigue-criti-
cal areas is through a detailed examination of the locations
where cracking occurs during full-scale fatigue testing of the
aircraft. These findings are supplemented by data from stress
analyses, strain surveys, and experience with similar design
details, materials, and material forms that have been prone to
cracking on other aircraft. Occasionally, fatigue-critical areas
that were not previously identified are found during tear-down
inspection of actual force aircraft (e.g., during maintenance or
inspections of high-time aircraft). However, for safe-crack-
growth-designed aircraft, reliance on in-service inspections to
identify new critical areas can be extremely dangerous. To be
assured that accidents will be avoided, cracks must be found
before reaching critical size. For some aircraft structures,
these critical sizes can be very small.

Despite the committee’s efforts to develop a research
initiative that would improve on the current approach for
identifying new fatigue-critical areas, no viable near-term or
long-term research activities were identified. Likewise, the
current Air Force research program has no ongoing or planned
research in this area. The committee can only emphasize the
extreme importance of using all available full-scale test and
service experience data and state-of-the-art stress analysis
methods to perform the durability and damage tolerance
assessments (DADTAs) recommended in Chapter 5 so that
all fatigue-critical areas can be identified. This is particularly
important for the high-priority DADTAs (i.e., for the F-16,
A-10, T-38, and U-2), all of which concern aircraft that are of
non-fail-safe designs. Currently available finite element and
solid-modeling stress analysis techniques should be consid-
ered for those cases in which the structures have not been
analyzed using these modern methods. Fatigue test articles
that have not been evaluated in detailed tear-down inspections
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should be evaluated (if test articles are available). If neces-
sary, additional fatigue testing or detailed tear down of high-
time aircraft should be performed. This is the most critical
task in the DADTA for non-fail-safe structures.

Air Force research projects in low-cycle fatigue focus on
widespread fatigue damage (WFD), specifically on the devel-
opment and validation of analysis tools to predict the onset of
WEFD and on corrosion—fatigue interactions. Program plans
for WFD include

e basic research tasks that include efforts to investigate
(1) analysis methods for multiple-site damage, (2) for-
mation of cracks from manufacturing and service-in-
duced defects, and (3) three-dimensional nonlinear
fracture predictions; also included is a new initiative
that includes fundamental research to characterize and
analyze WED

o applied research to (1) develop analysis methods to
model the effects of WFD, (2) determine initial quality
for use in risk analysis, (3) evaluate the effect of WFD
on crack growth, (4) upgrade the Damage Tolerance
Handbook, (5) develop in-service and experimental
WPFD data, and (6) develop process sciences methodol-
ogy for metallic structures

o exploratory research to perform a structures demonstra-
tion for WFD

The committee believes that the Air Force program in
WEFD, as originally presented, indicated an incomplete under-
standing, among at least some of the researchers, as to the
nature and failure scenarios associated with WFD (NRC,
1997). The concern arose from discussions of plans to evalu-
ate the remaining life of structures with WFD. As discussed
in Chapter 4, the onset of WFD is the safety limit, beyond
which the aircraft should not fly without modification or
replacement of the structure. Consequently, remaining life is
not an issue once the structure is in the state of WED. Recent
revisions to the Air Force R&D program address the commit-
tee’s concern. The committee has identified several particular
strengths in the planned research in WFD:

¢ the program emphasis on configurations applicable to
military aircraft (e.g., thick wing structure and inte-
grally stiffened structures)



50

o the stated intention to experimentally verify fail-safe
residual strength prediction methodology with large
components or panels

o the effort to determine the initial quality of typical
structure for use in structural life and risk analyses,
which is an essential element in the prediction of when
small widespread fatigue cracks will exist in service
aircraft

e Dbasic research focused on the formation, growth, and
distribution of small fatigue cracks from small manu-
facturing or service-induced defects and corrosion
damage

e the development of advanced probabilistic methods for
force risk assessment

o the work in the area of processing science that could
lead to higher-quality materials and tighter process
controls that can increase resistance to fatigue crack
initiation

e the effort to update the Air Force’s Damage Tolerance
Handbook

e coordination with Federal Aviation Administration
(FAA) and National Aeronautics and Space Admini-
stration (NASA) research on WFD to ensure that their
efforts are complementary

The committee believes that the current engineering ap-
proach to WFD should be supplemented with advanced analy-
sis methods and more extensive use of the results of detailed
tear-down examinations of full-scale fatigue test articles and
retired aircraft.

Near-Term Research and Development

Recommendation 1. Extend and validate recent advances in
nonlinear finite element modeling and fracture mechanics to
the unique configurations of fail-safe-designed military air-
craft for the prediction of residual strength.

Although some emphasis has been placed on the predic-
tion of the fail-safe residual strength of military aircraft
structures (i.e., thick wing structure), the committee sug-
gests a critical review of current methods used to determine
the fail-safe residual strength levels for the many different
detailed structural configurations that exist in military air-
craft that could be prone to WFD. Typical configurations
of interest include large pressure doors and door hinges,
ramps and ramp attachments, canopy attachments, wing-
to-fuselage and fin-to-fuselage attachments, multiple adja-
cent fuselage frames, circumferential fuselage joints and
chordwise wing tension joints, chordwise wing splice
joints, and engine attachment structures. Where improved
methods appear to be necessary, they should then be devel-
oped and experimentally verified.
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Most engineering fracture mechanics methods assume lin-
ear elastic behavior. A number of investigations have estab-
lished that the use of elastic-plastic fracture mechanics is
essential to determining the residual strength of an airframe
structure with WFD (Harris et al., 1995; Atluri, 1997). Im-
proved methods are required to treat the effects of plasticity
on the fatigue crack growth and fracture behavior typically
exhibited by the ductile alloys used in aircraft construction.
The committee recommends that the Air Force evaluate duc-
tile fracture criteria for three-dimensional crack configura-
tions and integrate the criteria into analysis methods to predict
residual strength. The research should consider the effects of
alloy composition, material product forms, structural con-
figurations (e.g., thick, heavily loaded components), and ex-
posure to aircraft environmental conditions.

Recommendation 2. Improve current methods to determine
the onset of WFD by (a) comparison of full-scale test articles
with tear-down inspection of service aircraft components and
metallurgical examinations of full-scale fatigue test articles
and (b) critical examination of the procedure for extrapolating
the sample of cracks documented during a tear-down exami-
nation to generate a distribution function that may be used in
a risk assessment.

Although the committee endorses the longer-term R&D
efforts to develop analytical methods to predict the initiation
and growth of cracks to the sizes at onset of WFD, the primary
method to determine the onset of WFD in the near term will
be estimates based on empirical data (e.g., full-scale fatigue
test results or, if available, tear-down inspection results from
operational aircraft), combined with fail-safe residual
strength analyses. Because tear-down inspection of actual
fleet aircraft entails the destruction of one or more aircraft (or
major portions of aircraft) and comes too late to provide data
for force planning, the Air Force has been primarily depend-
ent on the results of full-scale fatigue testing to assess WEFD.
Unfortunately, full-scale fatigue test results are not necessar-
ily representative of the actual operational load spectrum and
generally neglect the potential influence that environmental
exposure may have on the crack initiation process.

There is no defined effort in the Air Force research pro-
gram to improve the current method of estimating the onset
of WFD in the aging aircraft program. The committee recom-
mends research to assess the validity of (and if necessary,
suggest improvements to) the approach to estimation of onset
of WED.

Long-Term Research and Development

Recommendation 3. Conduct experimental research to es-
tablish the relationship between the physical basis for crack
formation/nucleation and crack distribution functions.




RESEARCH RECOMMENDATIONS: FATIGUE

The development of analytical prediction methods for
crack initiation, based on rigorous descriptions of initiation
processes, would be extremely complex to develop because
of several mechanisms and the wide variations in conditions
that may be involved at any given structural location. The
committee does not believe that rigorous analytical models
can be developed that accurately consider all of the various
mechanisms and conditions involved in fatigue crack
initiation.

Nevertheless, small crack theory uses the equivalent initial
flaw (EIF) approach with initial flaw sizes determined from
microstructural features characterized by microscopy rather
than back calculating from fatigue data (Ritchie and Lank-
ford, 1986; AGARD, 1990). Although predictions of total
fatigue life of laboratory test specimens using fracture me-
chanics analysis methods and initial crack sizes determined
from microstructural features have been shown to be accurate,
microstructural defects are only one of several possible root
causes of fatigue crack initiation. Therefore, the committee
believes that the most promising analytical approach to pre-
dict the behavior of other initiating mechanisms is to use an
EIF size determined from experimental data. A comprehen-
sive EIF-based fracture mechanics approach, including simu-
lative experimental methods for the prediction of initiation
and growth of small cracks, is vital to the development of
analytical prediction capability for the onset of WFD. The
committee suggests the development of an EIF database,
correlated with full-scale structural test articles, for cracks
that initiate because of fretting, very small defects, scratches,
dings, and corrosion damage.

Recommendation 4. Develop and experimentally verify ana-
lytical methodology to predict crack distribution functions.

The quantification of the principal parameters—aircraft
use spectra, initial quality, stress level, and structural geo-
metry—needed to provide analytical estimates of the time-
and use-dependent crack populations and the associated fa-
tigue life and critical crack sizes requires an extension of the
existing analytical methods and approaches. The committee
suggests that the most promising approach is to combine
existing deterministic tools for the prediction of stress levels,
residual strength, and crack growth with existing risk analysis
tools to account for statistical variability of the situations that
might lead to failure of the aircraft. However, to deal effec-
tively with the problems associated with variations of initial
quality, local construction, stress level, and use spectra, it is
necessary to have an integrated hierarchical approach that
uses structural analysis and risk management methods.

The range of cyclic loading conditions that contribute to
the development of fatigue cracking may result in crack
populations that are unique to each aircraft type and structural
location. Therefore, the analytic representation of crack popu-
lation as a function of service time is extremely difficult
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because the crack population depends on events and condi-
tions that can only be quantified either in a worst case deter-
ministic sense or bounded in a statistical sense. Because of
these inherent uncertainties in developing a unique crack
population for each aircraft, probabilistic risk assessment
methods are necessary adjuncts to deterministic methods. As
described in Chapter 4, current risk assessment analyses use
data obtained from aircraft component tear-down examina-
tions to account for the uncertainties in estimates of fatigue
crack characteristics and distribution.

Recommendation 5. Validate analytical methods using re-
sults of laboratory and full-scale fatigue tests, tear-down
inspections of structural components removed from retired
aircraft, and experimental tests of built-up structure.

The results of numerous full-scale fatigue tests and tear-
down examinations of structural components removed from
retired aircraft are already available as a benchmark for vali-
dating the advanced analysis methodology. The data obtained
from the near-term research Recommendation 2 should be
used to the extent possible. Additional carefully defined
critical tests with well-characterized boundary conditions and
loading histories will also be required to fully verify all
aspects of the analysis methodology. The methodology
should be verified by comparison with test data obtained from
several different aircraft structural components and loading
conditions that are susceptible to WFD.

HIGH-CYCLE FATIGUE

The Air Force aging aircraft program related to high-cycle
fatigue is included in the research plan for structural dynam-
ics. The dynamics program includes research tasks in predic-
tive methods and suppression techniques. Topics include

acoustics and sonic fatigue

structural dynamics

computational methods

health monitoring

structural repair and component replacement

The most important elements of the current dynamics re-
search program are upgrade of the design guide for aft body
and airframe aeroacoustics and acoustic fatigue, design and
test of new structural repairs and components, buffet load
alleviation, unsteady aerodynamics and aeroelastic codes, and
health monitoring (where it is related to dynamics load defini-
tion and temperature and chemical environment definition).

The committee believes that the program would be im-
proved if emphasis were placed on dynamic loading and
high-cycle fatigue degradation specifically associated with
aging of in-service aircraft. Much of the current Air Force
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program, as described to the committee, contains technology
development programs that are generally related to the design
and analysis of emerging aircraft systems and not to the life
extension of existing systems. These programs probably are
needed, especially those that are basic research and technol-
ogy development, but funding should be separated from the
aging aircraft budget.

The committee recommends that near-term and long-term
research focus on dynamic loading cases that are related
specifically to aging aircraft. Suggested near-term research
opportunities include efforts to improve methods to deter-
mine dynamic response. Recommended long-term research
extends the near-term program to include characterization of
threshold crack growth behavior, analytical prediction of
dynamic response, expert systems for the design and analysis
of repairs, and dynamic load monitoring and alleviation.

Near-Term Research and Development

Recommendation 6. Improve and verify methods to predict
dynamic strains and deflection responses of unrepaired and
repaired structures and improve laboratory and flight test
methods for measuring structural response.

The response of structure under critical load conditions
must be determined before a repair of a dynamically loaded
structure can be performed successfully. This is crucial be-
cause the repair must be sufficiently durable to provide struc-
tural integrity under these loading conditions, and because the
dynamic response of the structure is often affected by the
repair. This change in response is key to developing a long-
lasting repair that does not induce further damage in surround-
ing structures.

It is often difficult to determine the dynamic response for
structures subjected simultaneously to high- and low-cycle
fatigue loads. In many cases, both loading conditions must be
included to accurately simulate the failure and to develop a
long-lasting repair. Improved ground testing or flight testing
methods to determine the structural response under dynamic
load conditions will be important in verifying the driving
forces and structural responses responsible for early cracking
or cracking in aging structures.

Long-Term Research and Development

Recommendation 7. Characterize threshold crack growth
behavior for materials and structures used in Air Force air-
craft. Examples of specific tasks include

o determination of the relationship between conventional
fatigue endurance limits and crack growth threshold
stress intensity factors
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¢ evaluation of the sensitivity of crack growth thresholds
to aggressive environments, such as humidity, salt-
water, fuel, or hydraulic fluids

e modification of current test methods or development of
new low-cost methods to develop crack growth thresh-
old stress intensity factors

e estimation of fatigue life under high-cycle and mixed
high-cycle-low-cycle regimes for intact and repaired
structural components

Dynamic fatigue failures are very sensitive to the threshold
crack growthrates of the materials involved, which are related
to the time to initiate cracks from inherent defects within the
material or to the surface finish or roughness of the finished
part (Bucci et al., 1996). Maintaining sufficient fatigue life in
the presence of dynamic loading requires either maintaining
very low vibratory stress levels or increasing controls on
material defects and design details (stress concentrations) that
can lead to early fatigue failures. Knowing the relationship
between conventional crack initiation behavior and threshold
crack growth for the materials of interest in the Air Force
aging aircraft could be valuable in the development of low-
cost methods to determine the effects of high-frequency loads
on fatigue.

Threshold crack growth behavior, and therefore dynamic
fatigue life, is very sensitive to the effects of aircraft environ-
ments, including humidity, saltwater, fuel, or hydraulic fluids.
These environmental conditions can reduce loads at the
threshold crack growth regimes by as much as a factor of two
and dynamic fatigue life by as much as an order of magnitude.
The committee believes that the environmental sensitivity of
dynamic fatigue behavior must be determined, validated by
test, and documented specifically for materials used by the
Air Force.

Generally, threshold crack growth test methods involve
shaker table testing of sheet materials. These methods gener-
ate large numbers of cycles in very little time, but the crack
growth data are not usually measured (Beier, 1997a). Modi-
fication of current tests to correlate with threshold data or
development of cost-effective methods that characterize the
relationship between threshold crack growth rates and time to
crack initiation for uncracked samples are needed. The poten-
tial for linking naturally occurring flaw growth to a corre-
sponding threshold crack growth rate would be a significant
outcome of this development.

Life prediction for dynamically loaded structures is diffi-
cult to achieve with accuracy, given the sensitivity of the life
to the threshold load levels. Also, the combined loading at
both low- and high-cycle frequencies complicate this predic-
tion problem notably. Some recent strides have been made in
life prediction under combined high- and low-cycle fatigue
loading (Saff and Ferman, 1986). But the problem remains
one of determining the root source of the problem and mod-
eling this root cause properly. The committee recommends an
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effort to validate life predictions under both dynamic and
combined high- and low-cycle fatigue to provide Air Force
maintenance organizations with the capability to rapidly and
accurately predict the lifetimes of both structures and repairs
subjected to dynamic loading conditions.

The problem of life prediction of the repaired structure is
similar to that of the unrepaired structure, except that the
effect of the repair on load paths, mode shapes, and loading
frequencies must be predicted accurately before the life pre-
diction can be accurate. Given the uncertainty in the original
life predictions noted above, the committee recommends that
a program be performed to determine the potentially signifi-
cant effect of repairs on component fatigue life.

Recommendation 8. Develop and validate through labora-
tory or flight tests analytical methods to predict dynamic
response of aging structures and repairs. Include considera-
tion of affected structure away from the repair/modification
and the accelerating effects of environmental exposure.

Methods to analytically predict structural dynamic re-
sponse, validated through the laboratory or flight tests, are
required to assess aging structures and repairs. In some cases,
structural repairs to address high-cycle fatigue serve to exac-
erbate the dynamic loading problems because local repairs of
dynamically loaded structures can move the failure to a new
location defined by the repair itself. Analytical methods must
be capable of determining the response of the structure be-
yond the repairs.

Recommendation 9. Develop and implement an expert sys-
tem, based on analytical methods and previous experience, to
aid the design and analysis of repairs or modifications (both
damped and undamped) of components susceptible to high-
cycle fatigue damage. Examples of specific tasks include

¢ development by the original equipment manufacturer
of a database of dynamic loading conditions for particu-
lar locations on the structure and the acceptable fre-
quencies and duration of the response in those locations

¢ determination of damping levels for the repaired struc-
ture required to achieve the desired frequency range for
the structure and the damped repair configuration
(stand-off damping or adhesive layer or stiffening)

Given the potential and the capabilities afforded by today’s
materials, the ability to apply damped repairs should be
pursued. These repair systems have been studied for two to
three years and are nearing the point at which flight demon-
stration is becoming feasible (Beier, 1997b; Rogers et al.,
1997). Nevertheless, there are repair considerations for dy-
namically loaded structures, for both damped and undamped
repairs, to ensure successful repairs. These special considera-
tions include
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¢ critical modes and responses (and natural frequencies)
of the original structure

¢ critical modes and responses of the repaired structure

¢ response level required to obtain the desired life of the
structure

e driving force behind the cracking that was the root
cause of the original problem

The complexity of the analysis of dynamically loaded
structures and repairs, often further complicated by high static
or low-frequency loads, make these structures and repairs
excellent candidates for the development of an “expert sys-
tem.” This system would have the data required from the
original equipment manufacturer imbedded within the system
to define the primary modes and responses of dynamically
critical structures, or those structures known to have given
trouble in a particular airframe. It would have the capability
to design conventional or damped repairs and would be
capable of assessing the durability of both the structure and
the repair under the loads known to be in that portion of the
structure. Such systems are becoming more user friendly as
software and hardware capabilities improve. Experimental
systems are being evaluated by the Air Force laboratories and
the air logistics centers (Rogers et al., 1997). The key to these
expert systems for repair of dynamic structures is the success-
ful prediction of the environment and the response of the
repaired structure.

Recommendation 10. Develop improved dynamic load
monitoring and alleviation technologies that take advantage
of recent advances in sensors and controls and computational
capabilities. Examples of specific opportunities include

e improved load and condition-monitoring capabilities
using piezoelectric sensors and neural networks for data
analysis

¢ active flutter suppression and buffet load suppression
systems that link condition-monitoring capabilities de-
scribed above with piezoelectric transducers/actuators
and intelligent controls technology

Dynamic loads lend themselves to relatively easy detec-
tion and measurement in flight. Simple accelerometers and
strain gages can be applied for dynamic load tracking in the
same way that maneuver loads are being recorded in several
fatigue tracking systems. These systems were originally im-
plemented in the 1960s and 1970s when the on-board com-
putational capabilities were limited. However, with the
enhanced speed and memory of today’s computers, both
dynamic and maneuver loads can be measured directly and
recorded for postflight analysis.

Newer smart structures technologies such as piezoelectrics
and neural networks are available that enable improved
load/health monitoring as well as alleviation of dynamic loads
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(Geng et al., 1994; Kim and Stubbs, 1995). Neural networks
provide the potential to monitor more locations on the aircraft
while reducing the number of sensors required. Piezoelectric-
based health monitoring systems have been demonstrated in
the laboratory for integrated damage detection of both metal-
lic and composite structures (Lichtenwalner et al., 1997).

Intelligent control systems have been developed and dem-
onstrated to suppress flutter and buffet loads using both
conventional control surface actuators and piezoelectric ac-
tuators. Piezoelectric transducers alternatively can sense dy-
namic response and input dynamic loads that can be used to
counteract the external loading conditions. The application of
these sensor/actuators to the suppression of dynamic loads
has been demonstrated in the laboratory for scaled aircraft
models.

These technologies should be transitioned to full-scale
structures and, assuming successful results, demonstrated
under flight conditions in order to prepare them for implemen-
tation in Air Force aircraft to detect and react to dynamic
loads. The primary research effort is to determine computa-
tionally efficient methods of handling and interpreting large
amounts of data and storing only what is needed to make the
status of the structure clear. Along with the proper mix of
sensors (e.g., accelerometers; pressure transducers; or piezo-
electric sensors, actuators, or strain gages) to best determine
the environment and response, the system, at best, must be
capable of rapidly assessing damage location and the extent
of damage, systems affected, and severity of the damage when
interrogated on the ground or in the air.

CORROSION/ENVIRONMENTAL EFFECTS

As described in Chapter 4, the committee is concerned
that, as structures age, as corrosion protection systems con-
tinue to deteriorate, and as materials corrode, there may be
effects that have not been adequately considered. Specific
corrosion concerns or issues that could affect safety limits and
inspection intervals for safe-crack-growth-designed aircraft
and the onset of WFD in fail-safe aircraft include

e the influence of corrosion on applied stresses resulting
from material thinning and local bulging or pillowing
of thin sheet due to buildup of corrosion products

o the potential influence of corrosion on material me-
chanical properties (i.e., toughness, strength, elonga-
tion) resulting, for example, from the absorption of
hydrogen by the metal during the corrosion process

e the potential influence of corrosion and corrosive envi-
ronments on crack growth rates below the threshold for
stress corrosion cracking

In the current Air Force program, corrosion and environ-
mental effects on fatigue are part of a category of projects
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labeled “corrosion—fatigue.” Also included in this category
are the research and development efforts in corrosion preven-
tion and control, which are discussed in Chapter 7. The
principal topic areas in the Air Force program that relate to
corrosion and environmental effects on fatigue are:

analysis of corrosion effects on structural durability
test protocol development for corrosion—fatigue inter-
actions

e analysis method demonstration and validation

The committee has pointed out several strengths of the Air
Force program, including fundamental efforts to characterize
and analyze corrosion and the potential effects of corrosion
damage on fatigue behavior, an effort to update the Air Force
Damage Tolerance Handbook to include corrosion effects,
and efforts to coordinate with FAA and NASA research on
corrosion to ensure that efforts are complementary (NRC,
1997). However, the committee belicves that the Air Force
program overemphasized characterization, evaluation, and
prediction of corrosion effects and had insufficient emphasis
on prevention and control technologies, particularly from a
materials and processing perspective. This large emphasis on
the effects of corrosion on structural durability may be in
response to the recommendations of the Materials Degrada-
tion Panel of the 1994 summer study of the Scientific Advi-
sory Board, which had a similar emphasis (SAB, 1996).
Although the committee recognizes the need for some spe-
cific research activity in this area, the primary focus should
be on the development and institutionalization of corrosion
prevention and control as discussed in Chapter 7.

The committee believes that it is important for the near-
term program to address the specific concerns that have been
expressed concerning the procedures that the Air Force and
industry use to account for corrosion and environmental
effects on fatigue-crack-growth-based safety limits and in-
spection intervals for safe crack growth structures. Specifi-
cally, the concern is about the potential influence of corrosion
and environment on the growth of cracks from the assumed
manufacturing flaw size (typically 0.05 in.) to either the
critical size or the threshold size for stress corrosion cracking.
Also, the committee believes that it is important to assess the
potential influence that the induced bending stresses from
corrosion-caused pillowing has on the fail-safe residual
strength of fail-safe-designed structures. The influence of
corrosion and environmental exposure on the initiation and
growth of the very small cracks associated with the onset of
WEFD is a less urgent need in the near term. This is because
the current basis for predicting the onset of WFD is the result
of tear-down inspections of actual high-time operational air-
craft, which have been exposed to the real operational envi-
ronment. In some cases, these components contain severe
corrosion (e.g., see the discussion of the E-8 fuselage panel
tear-down inspection in Appendix A).
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As noted above, it is a long-term goal to be able to
analytically predict the onset of WFD based on the initiation
and growth of very small fatigue cracks. To achieve this goal,
the committee believes that there is a need for fundamental
research to provide a basic understanding of corrosion and
environmental effects of fatigue crack initiation and growth
to sizes associated with the onset of WFD (i.e., as small as
0.04 in.). It is anticipated that this fundamental understanding
will also contribute directly to the development of improved
corrosion prevention and control procedures.

Near-Term Research and Development

Recommendation 11. Determine if prior corrosion damage
has an effect on basic material properties such as modulus,
yield strength, and fracture toughness.

It has been suggested that long-term aging in a corrosive
environment may also result in changes to basic material
properties such as modulus, percent elongation, yield
strength, and fracture toughness. The committee suggests that
corroded components removed from retired aircraft be evalu-
ated in an experimental study to determine if long-term ma-
terial aging in a corrosive environment produces changes to
basic material properties. The goal of this work is to defini-
tively lay to rest the issues of whether corrosion damage
affects fundamental material properties or if property loss
attributable to corrosion is related only to loss of material. If
an effect is detected, it must be quantified with respect to the
effect on design allowables.

Recommendation 12. Determine potential effects of prior
corrosion Or exposure to a corrosive environment on fatigue
crack growth.

Typically, current practice is to develop crack growth rate
data (i.e., da/dn data) for use in safety limit calculations in a
wet or humid environment. Crack growth rates, in addition to
being sensitive to exposure environment, can be dependent to
some degree on frequency, particularly at low stress intensi-
ties (i.e., very small crack sizes) and at stress intensities above
the threshold for stress corrosion cracking. Past assessments
have not considered the effect to be significant in the deter-
mination of safety limits and inspection intervals for the
materials, crack sizes, and stress levels typically involved in
combat aircraft. However, this issue should be revisited.
Specifically, this work should determine if prior corrosion
affects the fatigue crack growth rates over the range of crack
sizes (and stress intensity values) typically associated with
the determination of safety limits (e.g., from 0.05 in. to critical
size). Tests should be conducted for typical alloys (e.g., for
7075 and 2024 aluminum plate), in both wet and dry environ-
ments, and for a minimum of two cyclic frequencies and two
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stress levels (R values). Also, material thinning from corro-
sion will result in an increase of the stress level, which in turn
will increase the crack growth rates. This can be accounted
for easily in the determination of safety limits and inspection
intervals by assuming a specific amount of allowable thin-
ning. This is currently being done on some of the older aircraft
(e.g., the KC-135).

Recommendation 13. Assess the effect of widespread corro-
sion-caused pillowing on the fail-safe residual strengths of
thin-skinned fuselage splice joints.

It is accepted that WFD will severely degrade the fail-safe
residual strength of fuselage structure (e.g., the residual
strength in the presence of a two-bay crack). It is also known
that extensive pillowing or bulging of fuselage lap splices has
occurred in some aircraft fuselages as a result of corrosion
products in the splices in the absence of WFD (e.g., in some
E-8 aircraft). The concern is that the high induced stresses
caused by pillowing could potentially degrade the fail-safety
of the fuselages prior to the onset of WFD. The committee
recommends that an experimental research effort involving
the fail-safe testing of one or more large panels that contain
pillowed splice joints be defined and executed to resolve this
issue.

Long-Term Research and Development

Recommendation 14. Perform fundamental research to de-
termine if there are unique material or environmental condi-
tions that promote the growth of small fatigue cracks under
typical aircraft loading conditions. Examples of specific tasks
include

e cvaluation of the effects of various levels of prior
corrosion and environmental spectra (i.e., chemistry,
temperature, mechanical variables) on the development
and growth of cracks to sizes typical of the onset of
WFD in representative aircraft structure

¢ modification of existing high-humidity tests or devel-
opment of improved accelerated testing protocols to
simulate corrosion-fatigue interactions representative
of severe aircraft service

The normal testing environment for corrosion fatigue of
aircraft aluminum alloys is humid air at 25°C. Although
this is an aggressive environment for aluminum alloys, it
may not represent the worse case scenario for fatigue
during flight. The initiation and propagation of small fa-
tigue cracks that lead to WFD generally occur in areas that
are occluded (e.g., lap splice joints, fastener holes, etc.).
Prior corrosion associated with the land-based environment
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will most likely affect the actual flight environmental spectra
(chemistry, temperature, mechanical variables) in the critical
areas associated with WFD. The committee recommends that
representative environmental spectra be determined and used
to evaluate environmental effects on the development and
growth of cracks from approximately 25 microns to sizes
typical of the onset of WFD in representative aircraft materi-
als and structures. The focus of the research should be to
determine if there are unique material or environmental con-
ditions that promote the growth of small fatigue cracks under
typical aircraft loading conditions.

Recommendation 15. Perform fundamental research to de-
termine how the nature of an existing flaw (i.e., flaw mor-
phologies, pits, intergranular cracks, machine defects) in
conjunction with severe environmental conditions (devel-
oped above) affects fatigue crack growth from very small
cracks to the size associated with WFD.

The geometry and location of the cracks, as well as
whether they are transgranular or intergranular, may have an
effect on the local chemistry and thus on the fatigue growth
rates. The committee recommends that research efforts be
undertaken to determine how the nature of an existing flaw
(i.e., flaw morphologies, pits, intergranular cracks, machine
defects) in conjunction with the worst possible environmental
spectra, affects fatigue crack growth from very small cracks
to the size associated with WFD.

Recommendation 16. Perform fundamental research to de-
termine the extent to which hydrogen governs the growth of
small fatigue cracks relevant to the onset of WFD, as well as
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high cycle fatigue crack growth. Examples of specific tasks
include

o determination of the effect of local, dissolved hydrogen
in fatigue crack growth from small cracks

e assessment of local hydrogen content as a common
indicator for the prediction of the effect of corrosion on
subsequent fatigue behavior

During corrosion processes of aluminum and its alloys, hy-
drogen is normally dissolved. The amount of dissolved hydrogen
depends on the chemistry of the environment (for example, more
hydrogen is dissolved when NaCl is present than in a normal
high-humidity atmosphere), the temperature, the chemical po-
tential, the alloy, and the temper (Leidheiser and Das, 1975;
Smith and Scully, 1996). Hydrogen is known to have an adverse
effect on fatigue resistance. For example, it has been shown in
Jaboratory tests of a high-purity Al-Zn-Mg alloy that preexpo-
sure to humid air causes reductions in fatigue resistance that are
comparable to those resulting from exposure to water vapor
during fatigue testing, an effect that was completely reversible
by vacuum storage timed to permit hydrogen diffusion out of the
samples (Ricker and Duquette, 1988). The committee recom-
mends fundamental research to determine the extent to which
hydrogen governs the growth of small fatigue cracks relevant to
the onset of WFD, as well as high-cycle fatigue crack growth.
The goal of the recommended research is to determine if local,
dissolved hydrogen participates in and exacerbates fatigue
crack growth from small cracks for the alloys and tempers
pertinent to aging aircraft and if local hydrogen content can
provide a common indicator for predicting the effect of cor-
rosion on subsequent fatigue behavior.
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Research Recommendations: Gorrosion and
Stress Corrosion Cracking

CORROSION PREVENTION AND GCONTROL

The economic burden that corrosion presents to the Air
Force has been reported widely as the single most expensive
structural maintenance issue, affecting both operating costs
and readiness. The Air Force Scientific Advisory Board Ma-
terials Degradation Panel cited estimates of the costs associ-
ated with corrosion-related detection and repair range from
$1 billion to $3 billion annually (SAB, 1996). The ideal
solution is to prevent corrosion from starting. However, com-
plete corrosion prevention should be considered a research
challenge because, despite prevention efforts, corrosion will
continue to occur in Air Force aging aircraft. Therefore, the
committee recommendations reflect the reality of anticipating
and controlling corrosion problems ranging from barely de-
tectable to widespread. In addition, the recommended re-
search reflects the need for immediate engineering solutions
to get the aircraft out of the depots quickly, as well as
long-term research so that future operations can practice
effective control and prevention.

Research efforts in corrosion prevention and control are
currently part of the corrosion-fatigue category of the Air
Force aging aircraft program. The current Air Force research
relating to characterization of corrosion—fatigue interactions
is discussed in Chapter 6. In addition, the program on corro-
sion—fatigue includes some effort on evaluation and charac-
terization of improved corrosion-resistant materials. The
research program includes

e Dbasic research involving characterization and analysis
of corrosion, fatigue damage development, and envi-
ronmental and corrosion effects; also included is a new
initiative to investigate the development of pitting cor-
rosion in aluminum alloys

s applied research to develop in-service and experimen-
tal corrosion and fatigue data and efforts involving
evaluation and characterization of improved corrosion-
resistant materials and corrosion chemistry

o exploratory research that investigates fine-grain
processing to improve corrosion resistance

The committee supports efforts to improve the definition
of corrosion damage metrics and the associated test protocols,
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to characterize in-service corrosion damage to provide data
for severity assessments, and to characterize and analyze
corrosion. However, the current program emphasizes charac-
terization and evaluation over prevention and control tech-
nologies and does not provide maintenance handbook-level
guidance to upgrade corrosion resistance of operating forces
through alloy substitution and application of materials and
processing advances.

The suggested Air Force research in corrosion places much
more emphasis on early detection of corrosion and implemen-
tation of effective corrosion control and mitigation practices.
In general, the committee recommends short-term program
emphasis on corrosion detection and maintenance technology
(i.e., how to deal with existing corrosion) and longer-term
emphasis on the fundamental understanding of corrosion and
characterization of corrosion rates and the development and
institutionalization of corrosion prevention and control prac-
tices. The committee believes that a practicable and more
cost-efficient strategy for dealing with corrosion damage of
airframe structures is needed to effectively guide prevention,
control, and force management decisions for aging aircraft.
The research topics emphasized in this approach include im-
proved protective coatings, advances in alloys and processes
offering improved corrosion protection, improved techniques
to discover and quantify hidden corrosion without requiring
disassembly of the aircraft (see Chapter 8), and methods to
predict corrosion rates to guide inspection intervals and re-
pair/modification activities. These developments along with
the implementation of improved corrosion prevention and
control actions described in Chapter 5 (including classification
of corrosion severity, expanded use of corrosion-preventive
compounds, and, potentially, dehumidified storage) will pre-
vent physical corrosion from progressing to a point where it
would limit the structural life of Air Force aircraft.

Near-Term Research and Development

Recommendation 17. Establish the link between service
environment and laboratory test conditions and develop a
laboratory test protocol to perform accelerated testing that
more accurately simulates corrosion damage experienced in
aircraft service.
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Current accelerated aging practices strive to reproduce
three service conditions in laboratory tests:

e corrosion type (e.g., pitting, intergranular corrosion, etc.)
o damage severity (e.g., depth of attack)
e corrosion product chemistry

Although these methods provide comparisons between mate-
rials, they do not adequately simulate corrosion processes and
rates that occur in service.

The committee recommends that the Air Force take a
somewhat different approach by developing methods that
simulate the damage in a quantifiable manner. This approach
builds on standard accelerated test practices, but adds the
quantitative aspect that can be used to develop damage met-
rics and provide a link to corrosion reaction kinetics in service
environments. Significant effort within R&D laboratories in
the development of test methodologies must be guided by
field data that at a minimum define the relevant ions, humidity
cycles, temperature cycles, and UV radiation intensity.

Recommendation 18. Evaluate the durability of new envi-
ronmentally compatible protective coatings. Examples of
specific tasks related to aging aircraft include

e characterization of the role of stress, both static and
cyclic, as a source of initial defects in coatings

e evaluation of coating durability in a fretting environ-
ment and in a crevice corrosion environment

e evaluation of the effects of chemical and physical hetero-
geneity within coatings on the long-term performance

e characterization of the effects of new paint removal
techniques such as sodium bicarbonate, wheat starch
blasting, and pulsed cold plasmas on corrosion resis-
tance and the performance of subsequently applied
coatings

o determination of the effects of thermal and physical
aging on the adhesion characteristics of primer coats
and conversion coatings

The Air Force has long recognized that the durability of
protective finish systems is the most important factor, other
than resistance to discrete mechanical damage, in the devel-
opment of corrosion for aging aircraft (Miller, 1987). Aircraft
coatings must meet a demanding set of criteria, including
(1) ambient curing, (2) long-term corrosion protection and
adhesion to a wide variety of substrates, (3) resistance to
environmental chemical exposure (e.g., hydraulic fluids, fu-
els, solvents, and cleaning solutions), (4) long-term exterior
durability with minimal change in optical or physical proper-
ties (Hegedus et al., 1995), and (5) mechanical durability to
operating stresses and in fretting environments.

The epoxy and polyurethane systems that have been the
mainstay of aircraft coatings have been modified and will
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continue to change in response to environmental regulations
that limit the release of volatile organic compounds (VOCs)
and heavy-metal-containing materials such as chromium or
cadmium used to inhibit corrosion (NRC, 1996a). Candidate
technologies to reduce these releases include water-borne and
high-solids coatings to reduce VOC release and nonchromate
additives including molybdates, nitrates, borates, silicates,
and phosphates (Hegedus et al., 1995). In general, these
technologies have failed to exhibit the corrosion protection
and durability of conventional systems. Recognizing these
concerns, the Air Force has aresearch program to develop and
validate environmentally compatible coatings. The aging air-
craft program needs to assess the durability of these coatings
under simulated service conditions using the accelerated test-
ing protocol in Recommendation 17.

An area of critical need is the development of effective
coating removal and surface preparation methods
(AGARD, 1992). Surface blasting with wheat starch and
sodium bicarbonate has been shown to be effective but not
without several drawbacks (i.e., paint removal rates are
slow and nonuniform, very large quantities of blast mate-
rials are needed, and residual surface contamination re-
mains following cleaning). The residual surface material is
suspect in diminishing the performance of subsequently
applied coatings. New paint removal methods must be
examined. One promising technique utilizes a pulsed cold
plasma that has the capability of converting paints to the
gaseous state for safe collection. The plasma energy can be
controlled very sensitively so that sublayers can be re-
moved should it be desired to leave the primer intact. In
addition, the plasma is not a line-of-sight method and can
therefore remove paint from within crevices. This technol-
ogy is demonstrable at this time and could be developed
into a useable prototype within two to three years.

Evaluation of improved materials and processes should
take into account the complex interactions present in a real
system, particularly between the different surface finish lay-
ers, and the materials compatibility and durability issues. The
goals of the research are to (1) rate new corrosion-preventive
compounds (CPCs) and protective coatings, (2) assess aging
effects caused by thermal and environmental exposure on the
adhesion characteristics of replacement primer coats and con-
version coatings, and (3) qualify environmentally compatible
protective coatings for Air Force use.

Recommendation 19. Evaluate and implement methods to
provide earlier detection of corrosion. Examples of specific
tasks include

o investigation of environmental sensors to allow aircraft
maintenance organizations to anticipate when condi-
tions are likely to lead to corrosion

o evaluation of the applicability of the Navy’s condition-
based maintenance program to Air Force needs
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¢ development of techniques to locate, monitor, and char-
acterize defects and chemical and physical heterogene-
ity within coatings

Corrosion control programs rely on the early identification
of corrosion before significant material loss occurs (Agarwala
et al., 1995). Corrosion detection can be accomplished using
nondestructive evaluation (NDE) inspections (see Chapter 8)
or health monitoring technologies. Prototype corrosion mi-
crosensors that detect currents associated with galvanic cor-
rosion have been demonstrated by the Navy (Agarwala and
Fabiszewski, 1994). The sensors are thin enough to be applied
to corrosion-prone and hidden areas. The sensors have been
applied successfully in the laboratory to evaluate the integrity
of coatings, sealants, hidden structures, and organic compos-
ites. Field trials are under way with the ultimate goal of using
the sensors to provide data for the Navy’s attempt to imple-
ment condition-based maintenance of corrosion-prone struc-
ture (Moore, 1997). The committee recommends that the Air
Force investigate selective application of corrosion-sensing
technologies and validate promising techniques under service
conditions.

Long-Term Research and Development

Recommendation 20. Initiate a basic research effort to sup-
port the development of improved materials and methods for
corrosion prevention and control. Examples of specific tasks
include

¢ identification and generalization of the mechanisms by
which coatings (particularly chromates), CPCs, paints,
and adhesives provide protection; in particular, provide
information about the interaction of organic paint sys-
tems with the aluminum surface oxide

e identification of deterministic factors in corrosion pit
initiation and localized coating breakdown

A range of both ongoing and new R&D opportunities exist
for the prevention and mitigation of corrosion in aircraft
structures. Many of the drivers for the development of new
coatings and coating processes are the impending Environ-
mental Protection Agency and Occupational Safety and
Health Administration mandates to eliminate silica from sur-
face cleaning methods, chromates from conversion coatings
and primers, and VOCs from cleaning solutions and paint
compositions (AGARD, 1996). Thus, two simultaneous ob-
jectives must be met in that new technologies must be iden-
tified that are both environmentally acceptable and effective
as corrosion mitigators. A blue ribbon panel has recom-
mended that the corrosion protection mechanisms provided
by chromates used as conversion coatings and as corrosion-
inhibiting pigments be established. A multi-university re-

search initiative, headed by Ohio State University, has been
established to explore corrosion protection mechanisms of
chromate primers.

Boeing has devoted extensive R&D to remove chromates
from the conversion coatings and primers. The cobamine
process is an effective alternative to chromate conversion
coatings; however, it is unclear whether the heavy-metal
content (in the form of cobalt) of this process chemistry will
be acceptable from a waste water standpoint. Synergistic
combinations of rare earth compounds have proved effective
as corrosion-inhibiting additives for primers with bulk solu-
tion studies; however, they must now be tested in primer
coatings. It cannot be assumed that once incorporated into a
polymer matrix, a compound will be an effective corrosion
inhibitor. Boeing is also studying sol gels as a combined
replacement for the conversion coating and primer (Blo-
howiak et al., 1997). Although these coatings have excellent
adhesion, it is becoming apparent that the incorporation of
corrosion-inhibiting additives will most likely be needed to
bolster the corrosion protection properties of sol gels.

Other chromate replacement chemistries, such as alkaline
oxide baths, are being examined. Conventional carbonate
chemistries have proved effective for the non-copper-bearing
alloys, but have had limited success for the 7XXX and 2XXX
alloys. Very recent modifications of these bath chemistries
have created promising corrosion-protective films on
7075-T6 and 2024-T3 (Buchheit, in press). Other variants of
the hydrotalcite coating process are being explored as a
possible means to achieve low-contact-resistance surfaces
and active corrosion protection (Taylor et al., 1997).

Recent exploratory investigations suggest that coatings of
quasicrystalline materials, applied using environmentally be-
nign processes, could provide corrosion resistance (Dubois et
al., 1993). The applicability to aging aircraft and performance
in an aircraft environment has not been investigated.

Recommendation 21. Characterize corrosion rates for the major
types of corrosion. Examples of individual tasks include

e quantification of the influence of environmental and
materials variables, including inhibitors, on corrosion
rates

¢ development of analytical models of corrosion initia-
tion and growth to provide quantitative information to
support repair-replace decisions

The characterization of corrosion rates for the major types
of corrosion identified in Chapter 4, including uniform or
general corrosion, galvanic corrosion, pitting corrosion, fret-
ting corrosion, crevice (filiform and faying surface) corro-
sion, intergranular (including exfoliation) corrosion, and
stress corrosion cracking, will provide valuable information
to aircraft operators to support repair—replace decisions and
to establish inspection and maintenance intervals. In addition,



60

a quantitative understanding of corrosion rates will help to
establish requirements for sensitivity and reliability in the
development and validation of improved NDE methods as
recommended in Chapter 8.

Recommendation 22. Conduct basic research to determine
the fundamental factors that govern coating durability. Exam-
ples of specific tasks include

e determination, for example, using localized electro-
chemical and chemical measurement techniques, of the
effect of exterior environmental chemistry (including
gases), coating resin chemistry, and the substrate sur-
face chemistry on factors that lead to stable growth of
coating defects

e investigation of adhesion mechanisms between coat-
ings and relevant substrate materials to determine the
role of coating adhesion in the long-term performance
of coatings on metal substrates

e investigation of environmental effects on surface chem-
istry and morphology of new conversion coatings and
subsequent adhesion of organic coatings

¢ development of analytical models to predict long-term
coating performance based on materials and interfacial
characterization following short-term exposures

STRESS CORROSION CRACKING

As described in Chapter 4, stress corrosion cracking (SCC)
is an environmentally induced, sustained-stress cracking
mechanism associated with exposed short-transverse end
grain in thick plate, extrusions, and forgings made from
susceptible alloys. SCC is driven predominately by residual
tensile stresses remaining from material heat treatment or
fit-up, but can also be triggered by operational loads and
forces from the buildup of corrosion by-products. The best
SCC defense is prevention, rather than controlling its growth.
The committee suggests that the near-term research program
of the aging aircraft program focus on developing data and
documenting results that would lead to affordable upgrades
in SCC prevention and component repair and modification
procedures. The recommended focus of the long-term R&D
is on establishing fundamental materials and microstructural
effects on SCC susceptibility and a basic scientific under-
standing of SCC mechanisms to support efforts in prevention.

Near-Term Research and Development

Recommendation 23. Develop data and document results
that would lead to affordable upgrades in SCC prevention.
Examples of specific tasks include

AGING OF U.S. AIR FORCE AIRCRAFT

¢ development of resource guide(s) and databases that
catalog significant items; fleet survey results; best
practices and common problems; and SCC ratings of
the various materials, manufacturing processes, pro-
tective systems, corroding environments, and repair
practices

e development of cost information and tools in easily
accessible form for analyzing various SCC prevention
and repair options

e development of an alloy substitution matrix to allow for
the replacement of susceptible alloys with improved
materials

Appreciable time has passed since the original design of
many older Air Force models. In the intervening years, sig-
nificant advances have been made in alloys, protective sys-
tems, and in the understanding and control of grain flow and
residual stress in thick wrought products, most notably forg-
ings and extrusions. Although SCC resistant materials (e.g.,
7050, 7150, 7055) and tempers (e.g., T73,T74,T76,and T77
tempers for 7XXX-series Al alloys and T8 tempers for
2XXX-series Al alloys) are now available, high-susceptibil-
ity materials (namely, 7075, 7079, and 7178-T6 and 2024-T3)
remain in wide use, particularly in the older models. A life
extension program would presumably aim to maintain com-
ponent performance similar to the original. However, to avoid
future SCC problems, replacement parts could be made from
materials with improved resistance to SCC, particularly if
plans for the retrofit include verification testing of compo-
nents. Likewise, SCC-resistant tempers of steel alloys could
be considered in similar fashion.

The assessment of materials and manufacturing process-
ing interchangeability is necessary to take advantage of ma-
terials and process advances. This work would support
substitutions that would decrease susceptibility of older air-
craft to SCC in aging aircraft and to support repair-replace
decisions. Currently, Air Force operators manage SCC sepa-
rately for each aircraft with alloy substitution generally ad-
dressed on a part-by-part basis. The development of a
common data and experience base that described vulnerable
structures, susceptible afloys, protection and repair processes,
and assessments of costs would reduce redundant engineering
efforts and lead to guidelines and a justification for modifica-
tion efforts to improve SCC resistance (Bucci and Warren,
1997). For example, some alloys could be considered as
generally equivalent with predecessor alloys (e.g., 7050 for
7079), whereas others could be considered preferred replace-
ments within specified limits (e.g., 7150 or 7055-T7X for
7075-T6).

Recommendation 24. Perform a systematic evaluation of the
sensitivities and effectiveness of various protective systems
on prevention and control of SCC.
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The recommended work is particularly concerned with the
evaluation of the effect of measures taken to prevent fatigue
and corrosion on SCC susceptibility. Examples of fatigue and
corrosion prevention measures include prestressing tech-
niques such as cold working, peening, and laser shock proc-
essing (Ratwani, 1996); material effects; surface finishes;
CPCs (water displacing); corrosion-inhibiting elastomeric
sealants; bonded doubler repairs (with and without reinforc-
ing fibers); organic coatings; and inorganic corrosion-protec-
tive systems. The key issue is to determine if such measures
adversely affect SCC resistance. The results of these investi-
gations will support decisions on how to maintain structures
to reduce susceptibility to corrosion, fatigue crack growth,
and SCC.

Recommendation 25. Conduct research to betterunderstand the
cause and effect of manufacturing and assembly stresses, the
variability of these residual stresses within and among cate-
gories of components, and potential routes for their alleviation.

An important consideration in avoiding SCC, although often
neglected, is the effects of fabrication (e.g., mill working history,
heat treatment, machining, straightening and forming, and fit-up
stresses) introduced during part manufacture and assembly.
Higher residual stresses from manufacturing operations were
determined to be a major factor in the SCC problem for thicker
parts. Tensile stresses in the short-transverse direction relative
to the metal grain structure, rather than stresses imposed by
service loads, were found to be by far the most frequent driving
force for SCC. In such cases the direction and magnitude of the
tensile stresses are not typically recognized and accounted for
during the design process.

The committee believes that research to better understand
the cause and effect of these stresses, their variability within
and among categories of components, and potential routes for
their alleviation—particularly for thick, complex parts—
would support efforts to document SCC vulnerability and to
develop SCC protection alternatives. Also important to the
anticipation of SCC is understanding and controlling the
impact of metallurgical grain flow in the completed part,
including the effect of prior process history.

Examples of specific tasks include

e assessment of the impact of residual stress and grain
flow on past and potential future SCC problems to
categorize as either singular events or symptomatic of
a much greater problem within the aging fleet

e investigation of the means to minimize tensile and
residual stresses, which may become significant during
fabrication and assembly

e quantification of the potential degrading influence of
intrinsic residual stresses on benefits from peening,
cold work, coatings, and other protective systems

Recommendation 26. Quantitatively evaluate the SCC sus-
ceptibility of current Air Force materials (alloy and product
forms), based on experimental SCC threshold stress data,
fracture mechanics threshold stress intensity data, and crack
growth kinetics.

Although testing of actual structural components returned
from service is generally preferred, this often is not practical
because of limited sample availability and the size and complex-
ity of service components. Hence, laboratory-scale methods are
needed to evaluate the SCC susceptibility of alloys used in Air
Force aircraft. Among the many test methods available for
evaluation of SCC, two basic approaches have emerged. One
approach is based on pass—fail testing of smooth or unintention-
ally flawed specimens to determine a threshold stress below
which SCC will not occur. The second approach is based on
fracture mechanics testing of specimens with intentional cracks
to determine both the threshold stress intensity factor (Kisqc) and
the kinetics of crack growth (i.e., da/dt). Both approaches are
used by industry and government laboratories to evaluate SCC
susceptibility of materials (Spowls et al., 1984). The results of
this work will demonstrate the validity of uniting SCC initiation
and propagation test and evaluation approaches and will support
the long-term research task (Recommendation 27) to develop
improved criteria to rate material and system SCC perform-
ance in a way that is consistent with the current structural
integrity methods (Bucci et al., 1986).

Long-Term Research and Development

Recommendation 27. To support the recommended empha-
sis on SCC prevention and control, conduct fundamental
research in the following areas

e mechanisms that drive SCC and experimental determi-
nation of SCC kinetics

o small crack mechanics and the associated test and prob-
abilistic methods

¢ role of material and component/assembly manufactur-
ing processes parameters to define their interchange-
ability potential (e.g., replacement of forgings with
machined plate that involves the effects of texture, grain
flow and residual stress)

o characterization of process/microstructure/performance
relationships (i.e., grain structure, residual stress) and
development of models to describe and predict SCC
behavior

o development of improved evaluation criteria to rate
material and system SCC performance in a way that is
consistent with structural integrity methods

¢ development of predictive models for residual stress
and stress relaxation processes
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There has been a large body of research in SCC that have been
useful in identifying components that are susceptible to SCC.
The principal gaps in previous research are in the areas of
(1) SCC prevention methods for old materials that explicitly
consider processing/form/microstructure/performance relation-
ships and (2) determination of consequences of SCC over time.
The committee recommends fundamental research to improve
basic and scientific understanding of microstructure, process,
and performance linkages and how they scale from laboratory
to full-scale structure. Systematic, fundamental work is needed
to define and develop practicable, predictive tools (e.g.,
model(s), input data, validation testing, and design criteria) based
on a sound understanding of the underlying physics, mechan-
ics, metallurgy, and design and manufacturing processes.
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Recommendation 28. Develop models and methodology for
life prediction for structures susceptible to SCC.

Currently, SCC life prediction is limited because there are
no workable computational models of SCC processes. The
field is plagued with confusion created to a large extent by
(1) the complex, multifaceted nature of the phenomenon,
which involves metallurgy, mechanics, chemistry, and kinet-
ics; (2) the large number of variables known to affect SCC
behavior; (3) relatively poor correlation between laboratory
test results and service experience; (4) extensive data scatter;
(5) difficulty in assessing precisely the service conditions that
a part must withstand; and (6) unknown internal stress states
(e.g., residual stress).
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Research Recommendations: Nondestructive Evaluation
and Maintenance Technology

The management of an aging aircraft force relies on air-
frame inspection and maintenance and repair programs to
ensure that the inherent safety and reliability imparted by the
structural design are sustained, deterioration is detected, and,
when deterioration occurs, structural integrity is restored.
Effective maintenance of airframe structure requires nonde-
structive evaluation technology capable of reliably detecting
all flaws larger than the maximum allowable size, structural
evaluation and assessment tools to support repair-replace
decisions based on inspection results, guidelines for preven-
tive maintenance, and design and processing methods for
structural modification and repair. This chapter presents near-
term and long-term research in nondestructive evaluation and
maintenance and repair that support the development of an
integrated approach to life-cycle management of aging aircraft.

NONDESTRUCTIVE EVALUATION

Nondestructive evaluation (NDE) is a pivotal technology
in the management of the aging fleet. If the NDE technology
is effective and applied in a timely fashion, efficient inspec-
tions and management decisions can be made to either return
aircraft to service or to assign them to modification or repair.
Such decisions depend on the reliability of NDE inspection
capabilities and can significantly affect either safety or eco-
nomics if made incorrectly. The development of NDE tech-
nology for aging airframe structures is driven by structural
requirements and cost considerations. Proper application of
NDE technology can offer significant improvements in diag-
nostic capabilities and provide characterization of damage to
direct structural repair requirements. In addition, NDE meth-
ods must be able to detect all flaws larger than the maximum
allowable size and introduce quantifiable and direct charac-
terization of structure and material condition.

The Air Force sponsors broad NDE efforts spanning basic
research (6.1) administered by the Air Force Office of Scien-
tific Research focused on new NDE technology, applied (6.2),
and exploratory (6.3) research administered by Wright Labo-
ratories Materials Directorate and several engineering devel-
opment or evaluation study programs administered by the air
logistics centers (ALCs), most notably Oklahoma City ALC
efforts on NDE for corrosion detection. Elements of these
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generic and technology-based programs are currently being
realigned and refocused to address the needs of the aging
aircraft program. The Air Force R&D program on NDE for
aging aircraft is focused on two primary topics: (1) corrosion
detection and characterization and (2) detection of cracks,
including sizes associated with the onset of WFD.

The corrosion detection and characterization category
includes

* basic research to investigate and demonstrate innova-
tive NDE techniques that have the potential to produce
significantly improved accuracy of defect detection and
characterization and reliability for detection of corro-
sion and small fatigue cracks

¢ applied research to evaluate various NDE approaches
for corrosion detection, including neutron radiography,
optical fiber sensors, and neutron activation analysis;
ribbon x-ray sensors; X-ray spectroscopy; nonlinear
electromagnetic methods; and enhanced methods to
detect incipient corrosion

o an exploratory research project to conduct depot-level
demonstrations of successful methods from applied
research efforts, evaluate data fusion and image analy-
sis methods for NDE data evaluation, and demonstrate
and validate high-resolution real-time radioscopy sys-
tems

¢ a limited manufacturing research effort to evaluate
NDE methods for corrosion in aging airframes

The widespread fatigue damage (WFD) and fatigue crack
detection category includes

e basic research (as described above) that includes both
corrosion and small fatigue crack detection techniques

¢ exploratory research in improved methods and equip-
ment for NDE of supersonic turbine engines, small
crack detection methods, remote sensing of fatigue, and
hidden flaw detection

¢ short-term projects to develop inspection methods and
determine inspection reliability for multilayer crack
detection for the C-141 and to develop prototype ther-
mography inspection systems and procedures to inspect
composite and bonded structures
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The committee has obtained data, which are included in
Appendix A, on the structural problems experienced in many
of the Air Force’s aging aircraft. Based on these service
experiences it is apparent that there are both specific and
overarching features to the aging aircraft NDE needs. Specific
needs (described in Chapter 4) include the development of
techniques to detect (1) fatigue cracks under fasteners,
(2) small cracks associated with WFD, (3) hidden corrosion,
(4) cracks and corrosion in multilayer structures, and
(5) stress corrosion cracking in thick sections. As pointed out
in Chapter 4, current NDE methods qualified for a given
aircraft application for the detection and characterization of a
particular flaw will not necessarily be applicable directly to
another application, even though detectability requirements
are the same, because of variations in geometries and materi-
als. Consequently, even though only two phenomenon-based
flaws are listed (cracks and corrosion), the actual NDE engi-
neering problem base is many times larger.

A majority of the current Air Force NDE research effort
relating to aging aircraft is aimed at the discovery of techniques
to detect and characterize fatigue cracks and corrosion. Signifi-
cant efforts in these topics are also funded by the FAA (FAA,
1996) and NASA (Winfree, 1996) as well as smaller efforts by
other agencies and by industry (SPIE, 1996). The committee
encourages continuing in-depth interactions between the Air
Force and efforts supported by others to enhance the overall
impact of the Air Force efforts. However, the current program
appears to put relatively little emphasis on the development of
new tools that will enhance the cost effectiveness of NDE
systems, including system design and development, validation,
and force-wide application. Although the research programs
indicate that their efforts are coordinated with the ALC needs
(e.g., the application of ultrasonic creep wave techniques to the
C-141 weep hole cracking problem), programs for the general
field validation and implementation of technology developed in
the research program have been inadequate. This inadequacy
should be addressed by the recommended improvements in
linkages from technology development through implementa-
tion, which are discussed in Chapter 5. Formal validation and
demonstration arrangements similar to those used by the FAA
(i.e., the Aging Aircraft Nondestructive Inspection Validation
Center; Walter, 1995) should be considered.

The committee recommends that the Air Force pursue a
two-pronged R&D effort to develop inspection technology
for aging aircraft. In the near term, efforts should be directed
at improving the Air Force NDE technology base by evaluat-
ing, validating, and implementing currently available NDE
technology to address key aging aircraft problems. In addi-
tion, the near-term program should explore and apply new
engineering approaches to develop quantitative NDE inspec-
tions that are much faster, less costly, and that result in a
technology base that is more flexible and easily managed in
treating the diversity of aging aircraft problems. In the long-
term program, the committee believes that the current empiri-
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cal approach to validation of new NDE methods should be
augmented with analytic approaches to develop reliable,
quantitative NDE methods. Emphasis should be placed on
NDE technique design and development aimed at improved
detection reliability and defect characterization, cost-effec-
tive validation and qualification procedures, transferability to
a range of applications, and interdisciplinary coordination
with other elements of the aging aircraft strategy.

Near-Term Research and Development

Recommendation 29. Evaluate, validate, and implement cur-
rently available NDE equipment and methods for use at Air
Force maintenance facilities to address specific aging aircraft
problems. Focus near-term efforts on inspection capabilities
needed to support the inspection requirements resulting from
the DADTA updates that are recommended in Chapter 5.

Inspection of aging aircraft requires an integrated NDE
approach to effectively address critical inspection needs iden-
tified in Chapter 4. Efforts should be initiated to evaluate,
adapt, and utilize NDE advances and know-how developed
by Air Force programs, other federally funded programs, and
commercially developed technology for detection of corro-
sion and cracks.

In addition to the Air Force efforts, a number of specific
advances have been made in NDE during the past several
years that may provide solutions for some of the aging aircraft
needs. Examples of advances that have been realized in a
number of methods include eddy currents (Wincheski et al.,
1994, 1997; Moulder et al., 1995, 1996; Bieber et al., 1997),
ultrasonics (Hsu and Patton, 1993; Komsky et al., 1995;
Komsky and Achenbach, 1996; Bamard and Hsu, 1997),
thermal wave imaging (Emeric and Winfree, 1995; Favro et
al., 1995, 1996; Syed et al., 1995), radiographic methods
(Ting et al., 1993), magneto-optic methods (Fitzpatrick et al.,
1996; Thome et al., 1996), and quantum interference devices
(SQUIDS) (Ma and Wikswo, 1996; Podney and Moulder,
1997). The preceding advances, although not generally com-
mercially available, have had some degree of evaluation with
industry or at the FAA Aging Aircraft Validation Center.
Some benchmarks for comparison of these advances with
off-the-shelf methods are available. For example, for eddy
current methods, it has been shown that the standard state-of-
the-art practice for detectability of cracks under fasteners is
about 0.10 in. long and that the best achievable using labora-
tory equipment is 0.040 in. long under aluminum and
0.050 in. long under steel (Spencer and Schurman, 1995;
Hagemaier and Kach, 1997). Recent reports indicate that the
ultrasonic “dripless bubbler” (Hsu and Patton, 1993) and
pulsed thermal wave (Favro et al., 1996) techniques had been
successful in detection of corrosion in various configurations
(Howard and Mitchell, 1997).
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Critical inspection needs, examples of candidate tech-
niques, and suggested validation applications for aging air-
craft are presented in Table 8-1. The list of potential techniques
in Table 8-1 should not be considered comprehensive; other
candidate techniques could be applicable. Recommended ap-
plications for validation efforts are based on the committee’s

TABLE 8-1 Critical NDE Inspection Needs for Aging Aircraft

current knowledge of potential problem areas as discussed in
Appendix A. Additional specific applications can be expected
to be defined as a result of the recommended durability and
damage tolerance assessment updates.

The committee recommends that the Air Force use a
life-cycle approach to evaluate and validate methods that

Candidate NDE Potential
Critical Need Methods Potential Techniques Validation Aircraft
Fatigue cracks under B-1, F-15
fasteners Electromagnetic Magneto-optic imaging
Pulsed eddy current
Eddy current arrays
Thermal Time-resolved thermography
Ultrasonic Laser ultrasonics
Scanning UT probes
EMAT transducers
Small cracks associated E-8, VC-137,C-18
with WFD Ultrasonic Guided waves
EMATS
Laser ultrasonics
Electromagnetic Scanning pulsed eddy current
Microwave imaging (60-90 GHz)
Large-area magneto-optic
Thermal Time resolved, scanning
Hidden corrosion Electromagnetic Pulsed eddy current KC-135, A-10, C-5,C-130
Multifrequency eddy current
SQUID technology, eddy current
Thermal Time-resolved thermography
Radiography Energy-sensitive detectors
Microfocus real-time radiography
Neutron
Ultrasonic Bubbler/scanning methods
Optical Boroscope
Cracks or corrosion in KC-135, A-10, C-5, C-130
multilayer structures Electromagnetic Pulsed eddy current
Multifrequency eddy current
Radiography Real-time imaging
In-motion film
Ultrasonic Scanning (if gaps can be bridged)
Stress corrosion cracking C-5
in thick sections Ultrasonic Pulse echo, scanning
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consider detectability and inspectability, full-scale validation,
material degradation mechanisms, technique reliability, inspec-
tion intervals, and cost. It is important to implement a structured
selection and implementation regimen that includes

o down-selection of candidate methods based on damage
characterization and performance requirements

o validation of the down-selection including develop-
ment of probability of detection (POD), detectability
functions, sizing considerations, orientation, and loca-
tion of the defects or damage areas

e implementation of the NDE method inclusive of operating
limits, equipment performance, and test procedures

The process used to down-select methods is considered to
be the critical step in the evaluation of candidate methods and
should include a clear assessment matrix tabulation of the
potential candidate NDE methods versus weighted require-
ments. Such methodology (e.g., Cepler Trego methodology)
will enable a clear definition of the optimum NDE capabilities
and will help to identify gaps in meeting the requirements that
need to be addressed with longer-term R&D. The committee
believes that the validation of the selected method must
include a full demonstration of the method, development of
POD relationships, definition of performance limitations, and
engineering parameters such as feature and component size,
orientation, and accessibility.

Recommendation 30. Apply automation and data processing
and data analysis technologies to augment NDE tools to
perform rapid, wide-area inspections. Examples of specific
technologies that should be investigated include

e cffective automation of inspections and data collection
equipment

e imaging technology for improved data analysis and
interpretation

e data integration for different test methods for more com-
plete and quantitative interpretation of the measurements

e scanning and automated inspection facilities, especially
for ultrasonic and eddy current methods

e supportable instrumentation and equipment packaging
that is convenient for the operator and can survive the
depot environment

o effective and focused engineering of field equipment
capable of reproducing laboratory and production test
performances

Long-Term Research and Development

Recommendation 31. Develop an integrated quantitative
NDE capability based on life-cycle management principles.
Examples of specific tasks include
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o development of probes and techniques based on accept
—reject requirements dictated by the performance and
materials requirements of the aircraft structure

e development and application of predictive reliability
models that consider part geometry, performance re-
quirements, NDE capabilities, failure modes, and life-
cycle cost predictions

e development and application of validation and quali-
fication techniques for NDE probes and systems us-
ing simulation models with confirmation on service
components

e development of inspection standards, including refer-
ence standards using simulation techniques, to aid im-
plementation across the entire force structure

e explore and develop the use of NDE simulation ca-
pabilities coupled with new synthetic environment
(virtual reality) technology for method development
and operator training

An integrated NDE program must recognize the interdis-
ciplinary nature of NDE and the aging aircraft problem. The
life-cycle approach provides a format for the development of
appropriate NDE techniques that consider the performance
and material requirements of the aircraft structure (accept—
reject criteria), failure modes and growth characteristics (e.g.,
corrosion and fatigue) that contribute to the inspection inter-
val requirements, predictive reliability models that depend on
performance requirements (stress loads), NDE capabilities,
and possibilities for life-cycle cost predictions. The commit-
tee believes that such an approach is key to the successful
NDE management of aging aircraft. Recommended actions
in other chapters of this report (characterization of corrosion
rates and analytical WFD models in particular) are important
to this effort. The effort must be focused and will include a
mix of first-principle research, the development of probes and
techniques, demonstration and validation of principles, and
the development of inspection standards for implementation
across the force.

The Air Force should emphasize development of new
probes and techniques that address prevalent aging aircraft
needs (e.g., quantitative measures of fatigue crack size and
the loss of material due to corrosion). Approaches should be
selected through cooperative collaboration with AL.C person-
nel. As a guide only, crack sizes in the range of 0.030 to
0.040 in. are believed to be critical for WFD considerations,
and corrosion losses in the range of 5 to 10 percent of material
structures need to be detected with confidence in hidden
locations (generally second- or third-layer structures) and for
complex geometry. It is important that any planned
probe/technique development include the specification of the
POD and flaw sizing capabilities.

One approach for NDE system development is model-
based computer simulation. In this approach the entire inspec-
tion process is modeled and a simulation is produced that
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includes part geometry, flaw characteristics, inspection
modality, and analytical estimates of the system POD. These
model-based simulation capabilities have been developed by
interfacing descriptions of detailed part geometry from CAD
data files with “measurement” models of NDE processes. Cur-
rently, measurement models exist for general ultrasonic (Coffey
and Chapman, 1983; Gray and Thompson, 1986), eddy current
(Nakagawa, 1988; Nakagawa and Beissner, 1990), and radio-
graphic (Xu et al., 1994; Elshafiey and Gray, 1996; Bellon et
al., 1997) applications. Measurement models enable prediction
of the NDE instrument response to a flaw icon placed in various
locations in the part geometry. POD can also be calculated for
various flaw conditions and complex part geometry using the
simulated system responses (Thompson and Schmerr, 1993).
In addition, POD maps can be prepared and inspectability
problems identified using these simulations.

Advances have also been made in the integration of NDE
systems with structures life-cycle management (Schmerr and
Thompson, 1994). For example, POD requirements for a given
NDE inspection are established based on maximum allowable
flaw sizes, which are determined from performance require-
ments, mechanical response characteristics, and material prop-
erties. In turn, inspection interval requirements are largely set
by NDE inspection capabilities (particularly POD), damage
growth rates (e.g., fatigue crack growth) under expected oper-
ating conditions, performance requirements, and material frac-
ture properties (e.g., critical crack sizes). With advances in
simulation capabilities, an integrated analytical approach that
includes NDE measurement models, descriptions of part ge-
ometry, structural analysis codes, and damage growth predic-
tions can be developed. The committee believes that the
integrated analytical approach could be a cost-effective tool to
manage the NDE inspection process for aging aircraft.

Validation techniques that use a combination of simulation
techniques and limited samples to confirm validation results
for NDE probes and systems should be developed and dem-
onstrated. This task implies the development of reference
standards using simulation techniques combined with a few
samples to confirm validation results. The development of
reference standards using simulation techniques would be a
major advance.

Finally, the committee recommends that the Air Force
explore and develop the use of NDE simulation capabilities
using NDE measurement models and new synthetic environ-
ment (virtual reality) technology for method development and
operator training. The goal of this work is to simulate complex
component geometry, structures, flaws, and NDE capabilities
to guide efforts to optimize equipment and sensor probe
design, development of complex scan plans, and other inspec-
tion methods based on conditions expected in the depot
environment.

Recommendation 32. Explore, select, and develop candi-
dates for hybrid inspection technologies that use multiple

techniques simultaneously. Examples of specific tasks
include

o development of appropriate methods and models to
normalize and fuse inspection data from two or more
different inspection probes

o development of methods to statistically combine results
and determine the POD of the hybrid system

The purpose of hybrid inspection approaches is to increase
the probability of flaw detection in components with complex
geometry, including hidden corrosion and fatigue cracks as-
sociated with aging aircraft. Such an approach may be re-
quired in difficult inspections that involve multiple layers.
The scope of this work should include the development of
appropriate theories and models to normalize and fuse inspec-
tion data from two or more inspection probes that may follow
different physical measurement principles (e.g., ultrasound
and eddy currents), ways to statistically combine the results
and determine the POD of the hybrid system, and ways to
quantify and validate the system. It is important that previous
work in other areas be reviewed and adapted where possible
to the aging aircraft problem. The utilization of the computer
simulation models described above should be very helpful in
designing and qualifying the hybrid system. Before undertak-
ing these developments, collaborative discussions including
both researchers and ALC inspectors should be pursued to
define specific application areas and geometry. Some of the
research required in this recommendation will be generic but
some will be specific to a particular aircraft.

Recommendation 33. Perform basic and applied research to
develop suitable NDE techniques to measure the integrity of
composite repairs of metallic structures. Examples of specific
tasks would include

e determination of the properties of the repairs (e.g.,
adhesive bond quality, environmental degradation, and
metal substrate and repair material integrity) that need
to be evaluated using NDE

o determination of appropriate accept-reject criteria and
standards

The committee recommends that work be pursued at both
the basic and the applied levels aimed at the development of
suitable NDE techniques to measure the integrity of compos-
ite repairs on metallic structures. Although there are current
limited efforts on this topic, the efforts should be increased
and focused into a coordinated interdisciplinary effort. Some
rather basic questions should be answered as a part of this
effort and will probably require a joint effort between NDE
and structures/materials researchers. One of these is the de-
termination of the properties of the repairs that need to be
tested in NDE. Examples of possibilities include the quality



68

of joining methods (e.g., adhesive bonds, mechanical, etc.),
environmental degradation at repair edges, and base metal and
repair material integrity. Related and key to this question is
the determination of the appropriate NDE accept-reject cri-
teria to be applied with the NDE test to determine the state of
the repair.

Recommendation 34. Develop signal and image processing
techniques, applying such technologies as expert systems,
neural networks, and database methods that could be used by
aircraft maintenance facilities to interpret and track damage
development and maintenance trends.

Work should be pursued to explore and develop useful
signal and image processing techniques, applications of ex-
pert systems, using, for example, neural networks or database
methods that can be used conveniently in depots and other
maintenance organizations to interpret and track damage de-
velopment and maintenance trends. These improvements
should be targeted both to single probe inspection procedures
as well as to the hybrid multimode approaches.

Recommendation 35. Increase R&D efforts for the automat-
ion of successful inspection methods and for overall automat-
ion of extensive wide-area inspections. These efforts would
include two principal components:

e a generic effort based on the broad-based enhancement
of scanning technology including on-board transducer
(probe) mountings, signal processing methods, display
techniques to enhance operator interactions, and data
fusion procedures

e an effort aimed at specific aging aircraft structures and
the scanning geometry needed for their inspection

The potential advantages of automated NDE include the
enhancement of inspection reliability and speed through the
removal of the human operator, the likelihood of reduced
inspection times, and the likelihood of reduced costs. General
features of scanners that need to be considered include port-
ability, flexibility (i.e., ability to run on horizontal, vertical,
and curved surfaces), ability to handle a variety of inspection
modalities, and possibilities for handling hybrid multi-in-
spection techniques with associated signal processing and
read-out procedures. The committee recommends that col-
laborative planning between the ALC users and researchers
be in hand before and during work in this area.

Recommendation 36. Perform basic and applied research to
develop suitable NDE techniques for the early detection of
corrosion. Examples of specific tasks include

e (a) development of suitable NDE techniques to assess
the quality and integrity of corrosion-resistant finishes
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o exploration of the potential of using NDE methods to
determine the initiation and level of corrosion damage

Work in NDE development that is specifically aimed at the
quality of corrosion-resistant finishes and coatings has been
limited. Emphasis should first be placed on understanding the
ways in which finishes and coatings protect the base metal
from corrosion (as recommended in Chapter 7), and with that,
techniques devised to measure the degradation and failure of
the protective mechanism. The Air Force Office of Scientific
Research had basic materials and NDE efforts in progress, but
this effort is no longer funded.

Efforts to develop NDE methods to detect the initiation of
corrosion should be coupled to the development of a mecha-
nistic understanding of corrosion and the corrosion process
as presented in Chapter 7. Particular emphasis should be made
to identify material parameters or properties that can be
measured in service that relate to the level of corrosion. For
example, the elastic constants may be sensitive to the presence
of hydrogen in the material that contributes to the corrosion
process. As these properties are identified, NDE sensors
should be developed to provide the inspection tools. This
NDE approach, if successful, would potentially provide early
warning and large cost benefit to the aging fleet. This effort
should be performed in collaboration with the corrosion pre-
vention and control recommendations in this report.

MAINTENANCE AND REPAIR

Air Force research in repair technology includes R&D
tasks over a broad range of topics. The primary emphasis is
on the maturation of bonded composite patch repairs, espe-
cially for metallic structures. These repair methods have had
successful application at the depot level (e.g., to repair fatigue
cracks emanating from weep holes in C-141 lower wing
skins). However, the common use of bolted repairs for both
battle damage and fatigue cracking problems cannot be over-
looked. In many cases bolted repairs are expected to perform
well beyond their original intent, making the repair an aging
structure much like the airframe itself.

The current Air Force R&D program on repairs includes

o basic research involving modeling of composite patch
repairs as crack arrestors in aircraft and design and
analysis techniques for composite patch repairs

o alarge amount of applied research, including projects
related to bonded composite patch repairs—to investi-
gate repair procedures, analysis methods, and design
considerations—along with efforts to develop repair
methods and design guide for composite structures;
development of advanced life-extension techniques;
development of structural life enhancement, force man-
agement, and internal and external loads handbooks,
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and in-service and experimental repair data. Also in-
cluded are repair efforts, including projects related to
bonded composite patch repairs—to develop improved
materials and processing methods, investigate analysis
methods, and develop repair technology handbooks——
and an effort to develop repair technology for high-tem-
perature composites

e exploratory research, including a broadly defined effort
to evaluate and demonstrate repair concepts, an effort
to explore the redesign of selected structural compo-
nents using advanced materials and process technol-
ogy, and an effort to demonstrate life-enhancement
technologies for metallic structures

o anumber of small short-term projects focused on opti-
mization and demonstration of materials and processes,
repair criteria, and analysis methods for bonded com-
posite patch repairs at the depot level; also included are
projects to evaluate methods to generate stress spec-
trum and to evaluate cold-expansion bushing repairs

The committee believes that the focus on optimization of
materials and processes and analysis tools for bonded com-
posite repair of metallic structures is appropriate because the
Air Force has unique expertise in this technology. The com-
mitteec also supports the planned research focused on the
redesign of components to take advantage of advances in
materials and processing technology.

Although the current R&D program in the area of repairs
is well planned, there are no current programs in the repair
task that consider the removal, surface treatment, and reap-
plication of corrosion-resistant finishes or protection systems.
This is a particular shortfall considering the materials and
process changes that will be necessitated by environmental
regulations concerned with the elimination of heavy metals
(e.g., chromium and cadmium) and limits on volatile organic
releases. The Air Force is currently undertaking a great deal
of research on environmentally compliant finish material and
process development (Donley, 1996), but has not yet come to
terms with the particular needs of aging aircraft in this area.

In general, the committee believes that the concept of
repairs should be expanded to include maintenance and re-
pair. This change would require closer coordination of R&D
tasks in repair with NDE tasks and an emphasis on implemen-
tation of developed technology through the development of
generic repair design and processing handbooks and engi-
neering analysis tools to broaden the application of new repair
technologies.

The committee recommends that the emphasis of the repair
R&D programs be increased in the following areas:

¢ technologies for the removal, surface preparation, and
reapplication of corrosion-resistant finishes

o evaluation guidelines for the relative lives of bolted
repairs

e guidelines for taking advantage of advances in materi-
als and processing technology in component replace-
ment (including an examination of certification
requirements to see if they can be waived or simplified
without compromising safety); an example would be to
reduce susceptibility to stress corrosion cracking
through the use of improved aluminum alloys, tempers,
and processes to reduce residual stresses

e repair and analysis methods for maintenance of struc-
tures susceptible to high-cycle fatigue

o maintenance and repair methods and guidelines for
advanced composite structures

Near-Term Research and Development

Much has been learned in the past ten years concerning
methods to analyze and repair damage in primary metallic and
composite structures. Although the focus of much of the early
work was on designing repairs for battle damage, the focus
more recently has been on repairs for durability and life
extension for current aircraft. The primary focus of the near-
term programs for aging aircraft must be to identify the
lessons learned from recent programs (e.g., C-141 and battle
damage repair) and apply them at the maintenance organiza-
tions where they can be used to make the repairs that can
extend the life of current aircraft.

Recommendation 37. Develop tools and guidelines to im-
plement recent advances in bonded repair of primary structure
for Air Force and contractor maintenance organizations. Ex-
amples of specific tasks include

e optimization and validation of materials and processes,
including adhesive materials and surface preparation
and bonding processes

e development of computational tools and guidelines for
the design and analysis of design bonded repairs

¢ validation and documentation of analysis techniques to
evaluate continuing damage growth beneath bonded
repairs (CALCUREP) and bolted repairs (RAPID)

To ensure that structural repairs have the best possible chance
for success, the committee recommends that materials and proc-
esses that have been developed to join the repair to the structure,
seal the repaired surface from further degradation due to adverse
environments, and protect the repair from rapid deterioration in
the flight environments be documented and made available to
the maintenance organizations. Materials and processes to be
considered include surface preparations, adhesives, and bagging
materials used for successful repairs of the C-141. Advances
in these material systems and any new, validated processes
must be demonstrated by maintenance personnel with on-site
consultation from the developing organization.
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There are a number of design and analysis tools for repairs
that have been developed in the recent past (Bakuckas et al.,
1996; Fredel] et al., 1996). Once validated these methods will
provide the ALCs far better and faster means to design
reliable repairs than those currently in use. Design and analy-
sis tools must include capabilities in the following areas to be
used in the design of reliable and durable repairs: (1) continu-
ing damage growth beneath the repair due to fatigue loads,
(2) reliability and durability of bond or bolted joints, and
(3) variations in repair materials and processes used to fabri-
cate and apply the repair. Although analysis codes such as
A4EI PGLUE, and RAPID perform analyses of bonded or
bolted repairs, they are very limited in the types of repair
geometries to which they are applicable. A4EI applies only
to a linear bonded repair, PGLUE to doubly symmetric
bonded repairs, and RAPID to bolted repairs. There is much
to be done to extend these methods to explicitly analyze
realistic three-dimensional structures.

The growth of damage beneath the repair is a critical
concern. Bonded composite repairs are intended to provide
sufficient stiffness and constraint of the structure so that the
stress intensity factors for existing flaws are reduced to levels
below threshold so that they cannot continue to grow. Analy-
sis routines such as those in the current version of
CALCUREP (for bonded repairs) and RAPID (for bolted
repairs) need to be validated to ensure their accuracy and then
be made available to the ALCs.

Recommendation 38. Develop analytical tools to take
advantage of effective solid model interfaces developed for
finite element modeling to model and simulate repair meth-
ods and geometric relationships for particular component
repairs.

Methodology has been developed, under Navy funding,
that uses super-element technology to allow limited use of
vehicle-level finite element model analyses on laptop PC
hardware (Goering and Dominguez, 1992). With condensa-
tion techniques to reduce the degrees of freedom within the
model, it is possible to design sophisticated large-scale repairs
of damage to major structural members, to assess structural
integrity before and after repair, and to assess the feasibility
and capability of the repair to restore the structure to its
original function.

With the visualization possible on laptop PCs to provide a
three-dimensional image of the area to be repaired, the load-
ing conditions, and the damage to be repaired, the current
capability to perform rapid repair analysis is remarkable.
Unfortunately, the modeling of such repairs is still atime-con-
suming process. Work needs to be performed to make auto-
matically generated repairs for a number of typical damage
scenarios available. Although this initial effort might be lim-
ited in what it can provide, it could be a valuable tool for
maintenance organizations.
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Recommendation 39. Develop and validate guidelines for
the relative lives of bolted repairs. Specific tasks include

e testing to evaluate crack stopping by cold working,
peening, laser shock treatment, stop drilling, or hole
filling

e testing to evaluate repair designs, including issues such
as protection systems, taper ratios, fastener patterns,
and fastener types

e testing to evaluate innovative fastener concepts such as
single-shank blind fasteners and hole-expanding blind
fasteners

Bolted repairs are the most common repair applied to
aircraft structures. Their capability to extend lives is lim-
ited because bolted joints tend to loosen up and the load
transfer occurs away from the damaged area. Like bonded
repairs, bolted repairs provide the reduction in strain levels
at the damage site. However, neither repair system is ex-
pected to provide restoration of strength in damaged struc-
ture to the original design loads for the life of the airframe.
Bolted repairs are generally expected to extend lives of
damaged structures to the next programmed depot mainte-
nance cycle. However, experience indicates that the repairs
are often called upon to remain effective in providing
structural integrity far longer than a single depot mainte-
nance cycle. In such cases, determination of the relative
lifetimes for several bolted repair configurations is desir-
able so that any selection of repair configuration will take
into consideration the lifetime requirement and repair
capability.

Bolted repairs are limited by the limited fatigue life of
the blind fasteners typically used to install these repairs
from one side of the closed box structures. The develop-
ment of blind fasteners with improved fatigue lives, either
through improved design or through interference in the
hole, would provide significant benefits to the life of the
repair attachment.

In addition, there are a number of methods to extend the
lives of the damaged structure: through cold working, peen-
ing, laser shock treatment, or hole filling. The ability of these
treatments to provide extended lives must be verified and
quantified by test.

The techniques described above should be incorporated
into design methods for repairs that assure, through damage
tolerance analyses and verified by test, that the repair will
retard or stop the flaw growth from previous damage. More-
over, the design must be sensitive to the potential for the
development of flaws in the structure surrounding the repair
since the load distributions nearby have been changed by the
repair. Taper ratios and fastener pattern designs, along with
fastener sizing for flexibility and strength, can provide sig-
nificant life improvements for bolted patches, but test data
must verify the projected improvements.
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Recommendation 40. Develop guidelines and procedures to
reduce the cost of accepting new materials and structures as
replacements for aging structural components.

Since the design and manufacture of many of the aircraft
that constitute the aging force, significant advances have been
made in materials and processing technology to improve the
resistance of aircraft components to aging degradation. For
example, corrosion and stress corrosion cracking (SCC) re-
sistance can be significantly upgraded through the use of
substitute materials and heat treatments (e.g., more-cotro-
sion-resistant 7050, 7150, or 7055 alloy for 7075, SCC- and
exfoliation-resistant T-7X tempers for 7XXX-series alumi-
num alloys), improved protective finishes and corrosion pre-
vention compounds, and incorporation of design features
such as drainage and sealing to prevent corrosion. However,
advances in materials and process technology have not been
captured because of the excessive cost and time required to
qualify them for service and because of the long lead times
required for small-quantity procurement. Currently, material
substitutions are handled on a individual part-by-part basis.
The committee recommends that the Air Force develop guide-
lines to facilitate the force-wide implementation of the best
materials and processing solutions while minimizing evalu-
ation and qualification test requirements. Examples of spe-
cific tasks include

e substantiation of improved materials as preferred re-
placements for SCC- and corrosion-susceptible alloy
components
development of an approved alloy substitution matrix
evaluation of test protocols for replacement materials
and structures to allow for one-time approval of general
materials substitutions

This effort would reduce test costs for replacement
structures, but would also act as an incentive to replace
older, more-damage-prone materials with more-damage-
resistant materials. Considered separately, the quantity of
material required for validation efforts and support of re-
placement modification programs is small. However,
quantities required for more general materials substitutions
could be significant enough to enable reduction of long
lead times associated with small-quantity procurement by
stocking qualified substitutes.

Recommendation 41. Develop repair design guidelines for
dynamically loaded structures. Examples of specific tasks
would include

¢ documentation of repair materials and processes and
design considerations based on an understanding of
root causes, dynamic load conditions, and environ-
mental factors

o develop and validate damped repair concepts based
on currently available adhesive and composite repair
technology

Repairs for dynamically loaded structures offer the unique
potential to significantly reduce load magnitudes or change
the critical load frequencies while they serve to recover the
integrity of the structure. The challenge for repairs of dynami-
cally loaded structures is to recover the structural integrity
and stiffness requirements while not moving critical dynamic
modes into surrounding structures where damage can occur
even more rapidly than in the initial failure. This is why
knowledge of the dynamic modes and responses of both the
original structure and the repaired structure are so important
to the repair of dynamically loaded structures.

Recently, adhesives that contain significant damping po-
tential have become available with sufficient durability that
they can be used in bonded repairs. These adhesives, com-
bined with stand-off materials to maximize the shear transfer
through the adhesive and composite skin materials to with-
stand low-velocity impacts and provide load-carrying capa-
bility, have provided the opportunity to design and fabricate
repairs that damp the loads that cause high-cycle fatigue
failures. Before these repairs can be used with confidence by
the Air Force maintenance organizations, they must be veri-
fied to provide continuity of the structure while reducing the
driving forces below that level which initiates failures in a
part for the remainder of its design life.

Long-Term Research and Development

Recommendation 42. Develop an expert system to aid in the
assessment of damage, the need for repair, and the design and
analysis of repairs.

The committee believes that an expert system should be
developed that has the capability to recall vehicle level loads
and structural analysis, graphically isolate the region being
repaired, and assess the viability, reliability, and durability of
the repair. These systems would use databases developed and
maintained by the recommended corrosion and fatigue work-
ing groups discussed in Chapter 5. Analysis methods should
be developed that are capable of analyzing bolted or bonded
joints for real repair configurations in which existing fastener
patterns and other structural details need to be accommo-
dated. Some of these more-flexible analysis tools have been
developed, but are cumbersome and time-consuming to use.
Simplifications in graphical interfaces and the ability to han-
dle large data files representing complex three-dimensional
geometries may permit better interfaces between structure
and repair to be developed. It is possible to envision a virtual
repair routine for a laptop environment that could lead the
repair technician or analyst through the steps of the repair by
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providing both graphical and descriptive specifications of the
repair processes and procedures.

Recommendation 43. Develop a common database of repair
lessons learned, to be managed and maintained by the main-
tenance and repair working group, that would be available to
the ALCs and would contain information on repair experi-
ence, including both adverse and successful results, problems
in assessment, design, analysis, materials, or application of
the repair.

Recommendation 44. Develop analysis methods and life
prediction tools and methods for structural repairs and af-
fected structure.

There are several methods for the analysis of bonded patch
repairs. They can be classified broadly as either analytical or
numerical. The analytical approach of Rose (1981) is based
on Hart-Smith’s (1974) theory of bonds, elastic inclusion
analogy, and on some simplifying assumptions. Fredell
(1994) has extended this analysis to include thermal effects
and has also carried out an evaluation of mechanical doubler
repairs. Erdogan and Arin (1972) have used an integral equa-
tions approach to study bonded patch repairs. The assump-
tions of Erdogan and Arin were subsequently used by Ko
(1978) and Hong and Jeng (1985) in an analysis of sandwich
plates with part-through cracks.

Jones and Callinan (1979), Mitchell et al. (1975), and Chu
and Ko (1989) have used the finite element method to study
bonded patch repairs. Park et al. (1992) have used an integral
equation approach combined with the finite element alternat-
ing method to estimate the stress intensity factors for patched
panels. Tarn and Shek (1991) have combined the boundary
element method (for the plate) and finite element method (for
the patch) to estimate the stress intensity factors. Other work
in this area includes Atluri and Kathiresan (1978),
Sethuraman and Mathi (1989), and Kan and Ratwani (1981).
A comprehensive summary of the analytical and numerical
work on composite patch repairs appears in a recent mono-
graph (Atluri, 1997).

In most of these approaches, only patches of infinite
size, very narrow strip-type patches, or infinite sheet cases
are considered. All of these cases are valid only for flat
sheets. The loading for these analyses are hoop stresses
evaluated from basic thin-shell theory. Although in most
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cases this is a good approximation, this does not take into
account the stress redistribution due to curvature and to the
presence of stiffeners.

Specific capability improvements that are needed include
the ability to analyze the following structural details:

e the joint between the repair and the original structure

o the damaged structure with the repair in place

e the surrounding structure affected by changes in load
paths

s complex and curved structural details

Recommendation 45. Develop, characterize, and evaluate
improved damping materials with improved environmental
resistance and low-temperature performance for repair and
modification of dynamically loaded structures. Examples of
specific tasks include

o development of accelerated environmental test meth-
ods and criteria to evaluate resistance to aircraft service
conditions, including thermal and fluid exposures

o development and validation of repair concepts that
include improved damping materials

Damping material systems currently in use have shown
inadequate durability. The committee recommends that long-
term research be conducted to develop improved damping
material systems that provide low-temperature damping per-
formance and better resistance to aircraft fluids and environ-
mental exposure. Candidates should be tested under
low-temperature conditions, with temperature cycling
through realistic aircraft environments, including moisture
and fuel, where necessary. Methods to accelerate this type of
testing will be important for both the screening of develop-
mental systems and for the characterization and acceptance
of selected systems.

Repair designs that use these improved damping systems
must be validated to ensure that the improved performance
translates into more-durable repairs. These systems may re-
quire additional care to ensure their durability. Damped com-
posite repairs provide the potential to seal the stand-off
material to prevent or delay moisture intrusion. Best practices
must be incorporated into the repair system to ensure the
integrity of the bond and the effectiveness of the damping
materials.
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Prioritized Research Recommendations

Because of the budget pressures and difficult choices
associated with conducting and managing a R&D program,
the committee task included a charge to prioritize research
recommendations. The committee developed criteria that
were used to prioritize all of the research recommendations
in Chapters 6 to 8.

Priority levels for recommended R&D opportunities were
established relative to the Air Force objectives introduced in
Chapter 1 (i.e., safety of flight [Objective A], maintenance
costs and force readiness [Objective B], and economic life
estimates [Objective C]). Clearly, research that eliminates
substantial threats to flight safety receives consideration for
the highest priority to the Air Force. However, the escalation
of maintenance costs and the impact on force readiness has
become a pervasive issue that, if allowed to continue un-
checked, could significantly hamper the ability of the Air
Force to field a force that meets mission requirements for
capability and readiness. The committee did not prioritize the
recommendations with respect to Objective C because they
found that research recommendations to develop technology
to support economic life estimates related closely to the more
important Objective B.

Definitions of priority categories for near-term (to support
near-term engineering actions in the next five years) and
long-term (more than five years until implementation) R&D
recommendations include

Critical priority: essential to flight safety (Objective A) (i.e.,
would eliminate a substantial threat to flight safety)

Priority 1: essential to the reduction of maintenance costs and
improvement of force readiness (Objective B) (i.e., would
enable the Air Force to address significant technical prob-
lems)

Priority 2: important to improved flight safety (Objective A)
or reduced maintenance costs and improved force readi-
ness (Objective B) (i.e., would represent significant im-
provements over current solutions)

Priority 3: advantageous to improved flight safety (Objective
A) or reduced maintenance costs and improved force
readiness (Objective B) (i.e., would improve efficiency or
reduce cost of current methods)

In addition, the committee assigned technical risk categories
for long-term research recommendations. Technical risk is an
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assessment of the difficulty involved in achieving a technical
objective. The committee designated technical risk associated
with long-term research opportunities as low (validation and
implementation of technology that is essentially mature),
moderate (some further technology development and scaling
required), and high (significant technology advancement re-
quired). The long-term research program should contain a mix
of risk categories. Moderate- and high-risk programs should be
monitored closely by the proposed aging aircraft technical steer-
ing group to ensure continued progress in clearing technical
hurdles and continued need for the resulting technology for the
maintenance of the aging force. Near-term opportunities were
generally assumed to have low technical risk.

CRITICAL PRIORITIES

There are no research efforts identified at this time that are
considered of sufficient magnitude to be categorized as criti-
cal priorities. However, the committee believes that it is
possible that the durability and damage tolerance updates
recommended in Chapter 5, and in particular the high-priority
updates on the F-16, A-10, U-2, and T-38 aircraft, will iden-
tify critical priority near-term research and engineering tasks.
These could include

e development of specific inspection instruments or
procedures

e development of specific repair or modification designs
Or processes

e development and use of more sophisticated analysis
procedures and additional full-scale fatigue testing to
identify fatigue-critical areas

e obtaining additional flight loads and environment data
for specific aircraft

NEAR-TERM RESEARCH

Prioritized recommendations for near-term R&D are
shown in Table 9-1, including the recommendation number,
abrief description of the recommendation, the page where the
recommendation is discussed, the objective that is addressed
primarily by the recommended research, and the suggested
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TABLE 9-1 Prioritized Near-Term Research Recommendations

No. Recommendation Description Objective Priority
Fatigue
(1) Fail-safe residual strength prediction methods Page 50 A 2
2) Improve current methods to estimate the onset of WFD Page 50 A 2
(6) Methods to predict dynamic responses Page 52 B 2
(11) Effect of corrosion damage on material properties Page 55 A 3
(12) Effect of corrosion and corrosive environment on safety limits Page 55 A 3
(13) Effect of joint pillowing on fail-safety Page 55 A 2

Corrosion Prevention and Control

a7n Laboratory test protocol for accelerated corrosion testing Page 57 B 2
(18) Evaluate durability of new protective coatings Page 58 B 1
(19) Methods for early detection of corrosion Page 58 B 2

Stress Corrosion Cracking

23) Affordable upgrades in SCC prevention Page 60 B 1

(24) Evaluation of SCC protection systems Page 60 B 1

(25) Residual stresses and their alleviation Page 61 A 2

(26) SCC susceptibility of Air Force alloys Page 61 A 2

NDE
(29) Evaluate, validate, and implement NDE equipment and methods Page 64 B 1
(30) NDE automation, data processing, and analysis Page 66 B 2
Maintenance and Repair

37 Guidelines to implement advances in bonded repairs Page 69 B 2

(38) Solid model interfaces to simulate repair methods Page 70 B 2

39) Guidelines on relative lives of bolted repairs Page 70 A 3

(40) Reduce cost of materials and structures substitution Page 71 B 2

41 Repair design guidelines for high-cycle fatigue problems Page 71 B 2
priority. Priority 1 recommendations include (1) research to abrief description of the recommendation, the page where the
develop and implement corrosion prevention and control full recommendation appears, the objective that is addressed
procedures and (2) evaluation and implementation of nonde- primarily by the recommended research, an assessment of
structive evaluation techniques that address specific Air Force technical risk, and the suggested priority. Priority 1 recom-
aging aircraft issues. mendations include (1) research to develop a fundamental
understanding of corrosion and stress corrosion cracking to
LONG-TERM RESEARCH support the development of improved corrosion prevention
and control procedures and (2) development and validation of
Prioritized recommendations for long-term R&D are rapid, wide-area nondestructive evaluation techniques to ad-

shown in Table 9-2, including the recommendation number, dress specific aging aircraft needs.
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TABLE 9-2 Prioritized Long-Term Research Recommendations
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Technical
No. Recommendation Description Objective Risk Priority
Fatigue
3) WEFD crack formation and distribution relationships Page 50 A moderate 2
“4) Analytical prediction of WFD crack distribution functions Page 51 A high 2
(5) Validation of analytical WFD methods Page 51 A low 2
() Crack growth threshold behavior Page 52 B low 2
8) Analytical methods to predict dynamic behavior Page 53 B moderate 2
(C)] Expert system for high-cycle fatigue repairs Page 53 B high 3
10y Dynamic load monitoring and alleviation Page 53 B moderate-high 2
14) Effect of environment on growth of small cracks Page 55 A low 2
(15) Effect of flaw morphology on crack growth Page 56 A moderate-high 2
(16) Effect of hydrogen on fatigue crack growth Page 56 A moderate 3
Corrosion Prevention and Control
20) Basic research in corrosion prevention and control Page 59 B high 1
21 Corrosion rates for major corrosion types Page 59 moderate 2
(22) Basic research in coating durability Page 60 B moderate 1
Stress Corrosion Cracking
@7 Fundamental research in SCC prevention Page 61 moderate-high 1
(28) Life prediction methods for SCC Page 62 high 2
NDE
(€29) Develop integrated quantitative NDE capability Page 66 B moderate-high 1
32) Hybrid inspection technologies Page 67 B high 2
(33) NDE to assess composite repairs Page 67 B high 2
(34) Advanced technologies to track maintenance trends Page 68 B moderate~high 3
(35) Automation of wide-area inspections Page 68 B moderate 1
(36) NDE for early corrosion detection Page 68 B high 3
Maintenance and Repair
(42) Expert system for design and analysis of repairs Page 71 B moderate 2
43) Common database of repair lessons learned Page 72 B low 2
(44) Analysis methods for structural repairs Page 72 B moderate 3
(45) Damping material for dynamically loaded structures Page 72 B moderate 3
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Future Structural Issues: Composite Primary Structures

The issues and concerns identified by the committee dur-
ing this study have concerned metallic alloy structures that
make up the vast majority of the airframes in the Air Force
aging aircraft. However, more-recent aircraft have significant
quantities of the flight control (C-17) and primary airframe
structures (B-2, F-22) constructed from carbon-fiber-rein-
forced polymeric composites. The purpose of this chapter is
to describe service experience with composite structure—in-
cluding Air Force and commercial experience with secondary
structures and flight control structures as well as Navy and
commercial experience with primary structure—and to rec-
ommend potential degradation mechanisms and actions to
monitor and evaluate the aging of composite structures in the
future.

APPLICATIONS AND SERVICE EXPERIENCE
Secondary Structures

The application of polymeric composites has been an
evolutionary process, with increased use as materials and
processing technology matured and program needs dictated
their use. First-generation, glass-reinforced composites, in
the form of thin-facesheet honeycomb sandwich construc-
tions, have been in general use for secondary structures (i.e.,
wing-to-body fairings, fixed-wing and empennage cover pan-
els, and secondary control surfaces) on Air Force and com-
mercial transport aircraft since the 1960s.

During the 1970s, the commercial availability of carbon
and aramid fibers, the performance enhancements made pos-
sible by weight savings, and uncertainty in fuel supply and
costs provided an impetus for the development and application
of structural composites for airframe applications. The Air
Force conducted much of the pioneering research in materials,
processes, and design of composite structures leading to the
application of composites in secondary and flight control
structures on the F-15, F-16, and B-1B. The materials used for
these components included largely unmodified amine-cured
epoxy resins (e.g.,, TGMDA/DDS) reinforced with aramid
(Kevlar® 49), carbon (e.g., Amoco T-300, Hercules AS-4),
and E-glass fibers. Structures were generally thin 0.6- to
1.5-mm (0.024- to 0.060-in.) facesheets co-cured or secon-
darily bonded to composite or aluminum honeycomb core.
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At about the same time, the commercial industry became
interested in the application of composite structures. To en-
courage the use of composites in commercial production
applications, NASA conducted technology development and
flight service programs, including design, certification, and
use in airline service. Carbon/epoxy, aramid/epoxy, and
aramid-carbon/epoxy and glass-carbon/epoxy hybrid com-
posites were first used on a production scale in the early 1980s
for the generation of aircraft that included the Boeing 757,
767, and 737-300; Airbus A310 and A320; and McDonnell
Douglas MD-80 series. Applications included secondary
structures such as fairings, fixed-wing and empennage cover
panels, and engine cowlings, as well as primary flight controls
such as ailerons, elevators, rudders, and spoilers. The number
of aircraft involved and the high use rates of commercial
aircraft has led to a great deal of service experience with
composites in commercial aircraft applications. For example,
NASA has conducted flight service evaluations of 350 com-
ponents with over 5.3 million total flight hours (Dexter and
Baker, 1994).

In general, the service experience with composites indi-
cates that damage occurs because of discrete sources such as
impacts, lightning strikes, and handling rather than progres-
sive growth caused by fatigue conditions (NRC, 1996a). The
types of damage to composite components include disbonds
or delaminations, holes or punctures, cracks, and other dam-
age. An especially difficult maintenance issue resulting from
these types of damage is when perforation of the facesheet
allows hydraulic fluids, water, and other liquids to move into
the honeycomb core.

Primary Structures

Throughout the 1970s and 1980s, the Air Force was instru-
mental in the development of materials, processes, and design
considerations for primary structural applications of poly-
meric composites. The Air Force has only recently made
significant use of composite primary structure on the B-2 and
will continue on the upcoming F-22. The Navy and the
commercial aircraft industry have limited service experience
for primary composite structures on the Navy F/A-18 and
AV-8B and on the Airbus A320. The constructions are inte-
grally stiffened carbon/epoxy laminate skin fabricated from
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materials similar to the first-generation materials previously
used for secondary structure and primary flight controls. The
further development of carbon fibers with improved strength
and modulus (e.g., Hercules IM7 and Toray T-800H) and
high-performance and toughened matrix polymers has led to
application on the Boeing 777 empennage to expand the
primary structural applications.

Guidance for the selection, design, and analysis of com-
posite structures for polymeric composites have been devel-
oped over the past 25 years (Whitehead et al., 1986; Vosteen
and Hadcock, 1994). These methods, forming the basis for
MIL-HNBK-17 (DOD, 1994), are based on static ultimate
strength considerations and the effects of three primary struc-
tural degradation mechanisms:

e Impact damage. To verify impact tolerance, the struc-
ture is subjected to a low-velocity impact prior to the
fatigue testing to substantiate inspection intervals and
performance for the life of the structure under barely
visible impact damage criteria.

e Mechanical fatigue. Fatigue is not generally a signifi-
cant damage mechanism in fiber-dominated composite
structures that meet impact damage tolerance require-
ments described above (Jeans et al., 1980). Compo-
nents that experience significant interlaminar or out-
of-plane loading can be susceptible to fatigue damage.

o Humidity (or fluid) exposure. Design properties based
on coupon tests are typically generated in a fully satu-
rated humidity condition (85 percent relative humid-
ity). Real-time exposures, using flight service
components and ground exposures, have verified this
approach (Dexter and Baker, 1994).

Consideration of these degradation mechanisms and the use
of structural design verification testing, with evaluations on
scales from coupon level to full scale, have successfully offset
the limitations of design analysis methods in terms of predic-
tion of interlaminar stresses, damage initiation, and delami-
nation growth (NRC, 1996b). The final step of this approach
is typically a full-scale component fatigue test on an impact-
damaged structure.

The limited experience of the Navy and commercial air-
craft service with composite laminate constructions used for
primary structures has been good. There have been very few
occurrences of damage in primary structures, and in the few
cases that have occurred, there have been no indications of
progressive damage. Potential degradation mechanisms to
monitor in the future for composite structural applications
include (1) the development of transverse matrix cracking due
to mechanical, thermal, or hygrothermal stresses; (2) the
growth of impact damage under fatigue loading; (3) the
growth of manufacturing-induced damage, especially from
fastener installation; and (4) the development of corrosion in
adjacent metal structures.
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RECOMMENDATIONS FOR LONG-TERM RESEARCH

The committee recommends that the Air Force undertake
research to monitor potential deterioration of composite
structures and to develop or improve maintenance and repair
technologies, especially for composite primary structures.
The recommendations are considered long-term research op-
portunities because they do not specifically support near-term
engineering or management actions discussed in Chapter 3.

Recommendation 10-1. Develop, validate, and implement
NDE equipment and methods to reliably detect degradative
damage of composite structures, especially the development
of transverse matrix cracks, impact damage, delamination
associated with growth of manufacturing-induced damage
around fasteners, moisture penetration near edges, and corro-
sion of adjacent structure.

The committee recommends that the Air Force evaluate,
adapt, and utilize NDE advances to develop methods and
equipment capable of evaluating the key composite damage
mechanisms. Emphasis should be placed on automated meth-
ods, compatible with depot-level application, to perform
rapid, wide-area inspections. As described in Chapter 8, the
committee recommends a life-cycle approach to evaluate and
validate methods that considers detectability and inspectabil-
ity, full-scale validation, material degradation mechanisms,
technique reliability, inspection intervals, and cost. The most
promising technologies that are currently available include
ultrasonic methods (c-scan, scan imaging, and resonance
techniques) and thermal methods (large-area impulse heat
technique). There have been significant advances in auto-
mated inspection methods for production and in-process in-
spection of composite structures that could be adapted to the
depot environment.

Recommendation 10-2. Develop tools and guidelines to
standardize bonded repair methods for composite structures.

Occasionally, temporary or permanent repairs of compos-
ite honeycomb structures can be performed by bonding or
bolting a sealant-coated metal or precured composite overlay
over the damage. However, most permanent repairs are ac-
complished with room-temperature curing wet lay-up, pre-
cured patch, and elevated temperature prepreg repair
techniques. The Air Force has a unique capability, as de-
scribed in Chapter 8, in the area of laminated composite patch
repairs for metal structures. The techniques and tools devel-
oped for the design and evaluation of repair of aged metallic
structures should be extended and validated for composite
structures.

Perhaps the most pressing problem in patch repairs of
composite structures is that the structures are fabricated from
a large number of resin/reinforcement systems from several
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qualified suppliers, requiring the repair depot to stock a
variety of repair materials. There is a pressing need to stand-
ardize repair materials and processes across the Air Force
inventory. The Commercial Aircraft Composite Repair Com-
mittee (CACRC) has been formed to address composite serv-
ice and repair concemns of the commercial aircraft industry.
The Air Force should monitor the activities of the CACRC
and evaluate the applicability of the recommendations of the
CACRC to Air Force aircraft.

Recommendation 10-3. Develop tools and methods for
bolted repairs of composite primary structures.

The thicker laminate construction used in composite pri-
mary structures, as well as the size and nature of discrete
damage from typical aircraft service (e.g., impact damage,
lightning attachment damage, delaminations), are not condu-
cive to wet lay-up patch repair technologies. Thin facesheets
on honeycomb panels are generally repaired using bonded
scarf patches with a scarf taper of 20:1, which, if applied to
thicker laminate constructions, would result in the removal of
a large amount of undamaged material (Bodine et al., 1994).
Much of the emphasis in the development of primary structure
repairs has therefore been on fastened, precured composite or
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metallic splice plates, similar to current bolted repair tech-
niques for metal structure. The issues that must be addressed
in these types of repairs include (1) criteria for determining
when repairs are required; (2) availability of standardized
repair elements; (3) drilled hole quality; (4) ability to restore
original strength, durability, and damage tolerance; and
(4) ability to match existing contours.

Recommendation 10-4. Evaluate environmentally benign
paint removal methods recommended in Chapter 7 for com-
patibility with polymeric composite substrates.

Composites must be protected by finishes with resistance
to fluid penetration and UV degradation. Maintenance of
protective finishes represents significant operational costs to
the Air Force. The removal of finishes from composites is a
slow and expensive process. Because chemical strippers at-
tack the polymer matrix, finishes generally are removed using
mechanical abrasion processes. New paint removal processes
such as laser, heat, frozen carbon dioxide blasting, and wheat
starch blasting are being evaluated. Rapid, low-cost, on-air-
craft paint removal techniques are needed to reduce the cost
of maintaining composite structures and to preclude damage
to the structure.
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Appendix A

Synopses of Air Force Aging Aircraft
Structural Histories

This appendix provides a brief synopsis of the structural
history for each of the Air Force’s aging aircraft listed in
Table 3-1. Also included are brief summaries of recent struc-
tural problems encountered on aircraft that have been reported
to the committee by representatives of the system program
directors, the Aeronautical Systems Center’s engineering and
technical management organization (ASC/EN), and the air-
craft manufacturers.

AIR MOBILITY GOMMAND AIRLIFTER AND
TANKER AIRCRAFT

C/KC-135

The Air Force acquired the KC-135 tanker aircraft to
replace the KC-97 to fulfill the need to refuel the B-52 bomber
force. Boeing developed the prototype of this aircraft, desig-
nated the 367-80 or simply the Dash-80, with their own funds.
The first flight of the Dash-80 took place in July 1954. From
this aircraft, Boeing developed the KC-135, as well as the 707
and 720 commercial jet transport aircraft. The Air Force
ordered limited production of the KC-135 in August 1954,
and the first flight occurred in August 1956. Production
continued until 1965, with a total of 820 aircraft manufac-
tured. Thirty-seven different designations of the -135 aircraft
have existed in the Air Force inventory. The active KC-135
force is still in excess of 600 aircraft with more than 550 of
them in the tanker force. As of October 1994, the average use
was 13,536 flight hours or 3,153 flights for the KC-135 and
28,361 flight hours and 3,108 flights for the RC-135.

To minimize structural weight and thus maximize payload
capability, the Air Force elected to use 7178-T6 aluminum in
the lower wing skins as well as in other locations in the aircraft
along with 7075-T6 aluminum. The commercial 707 used
2024-T3 aluminum in the lower wing skins at about two-
thirds the stress level. Other structural differences between
the -135 and the 707 are found in the fuselage structure. For
example, sections of the -135 lower fuselage (below the floor)
that contain body fuel cells are not pressurized. Also, the -135
fuselage does not contain tear straps and shear ties between
the fuselage frames and skins. Although the 707 had a design
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life goal of 20,000 flights or 60,000 flight hours, the Air Force
did not specify a design service life goal for the KC-135.

In 1962 the Air Force decided to perform a full-scale
fatigue test of the KC-135 to quantify its expected life. The
test resulted in a failure of the wing at 55,000 simulated flight
hours. A tear-down inspection of the failed wing revealed
several hundred smaller cracks. From this test the Air Force
estimated that the safe life of the wing was about 13,000 flight
hours. However, by the late 1960s it became apparent that the
wings were cracking earlier than expected and that the 13,000
hours, even if correct, probably was not sufficient to cover the
projected future use of the aircraft. As a result, a second more
realistic full-scale fatigue test was performed in 1972. This
test eliminated the load excursions to 90 percent of limit load
that were applied every 200 flights in the 1962 test. These
load excursions were intended leave marker bands on fatigue
crack surfaces to assist post-test evaluation, but actually arti-
ficially prolonged the test life by retarding the crack growth.
More wing cracking occurred in the 1972 test than in the 1962
test, and complete failure occurred at 43,200 simulated flight
hours. The existence of many small cracks early in the fatigue
test raised a concern about the possibility of widespread
fatigue damage (WFD) in service aircraft. Adding to the
concern was the very small critical crack sizes in the 7178-T6
wing skin and the fact that by the mid-1970s there aiready had
been a number of cases of unstable crack propagation and
panel failures in service aircraft. Although the wing was
fail-safe for these failures, the concern was that this fail-safety
would be lost if WFD was present. Boeing performed tear-
down inspections of six wings removed from service to
determine the actual state of fatigue cracking in the wings of
service aircraft. In 1977 the Air Force formed a blue ribbon
panel to look at this problem. The panel concluded that the
onset of WFD was occurring between 8,000 and 9,000 flight
hours and recommended that (1) the lower surfaces of the
wings be redesigned and replaced using the 2024-T3 alumi-
num used on the 707 and (2) flight restrictions be imposed on
all aircraft that had already reached 8,500 flight hours. This
led to a modification program to replace the center and inner
lower surfaces of the wing out to wing station 733 production
joint (i.e., just outside the outboard engines). The Air Force
elected not to modify the 7178-T6 outer wing panels, but




88

instead decided to cold work the fastener holes to enhance
their resistance to fatigue cracking.

In 1977 the Air Force initiated a durability and damage
tolerance assessment (DADTA) of the KC-135 with primary
emphasis on the fuselage and empennage because the earlier
modification had removed much of the concern about the
wings. From this assessment, combined with an evaluation of
the 1972 fatigue test results, it was estimated that, with the
defined inspections and modifications, the aircraft could be
flown safely well into the twenty-first century (i.e., it was
estimated that the economical service life would extend to or
beyond 2040 with the estimated utilization rates).

During the 1980s the reengine of the KC-135 aircraft was
initiated to increase the aircraft’s fuel off-load capability and
reduce the noise levels. The old J57 engines were replaced
with new CFM-56 engines on the active Air Force tankers
(then redesignated KC-135R) and used JT-3D fan engines
from retired 707 commercial aircraft on the Air National
Guard tankers (then redesignated KC-135E). These engine
modifications had little or no effect on the aircraft’s structural
integrity, even though some structural modifications were
required.

Concern about structural deterioration due to corrosion led
to a tear-down inspection of a retired KC-135 aircraft in 1991
by the Oklahoma City Air Logistics Center (ALC). This
aircraft had spent 29 years at Mildenhall Air Base in the
United Kingdom, which has a very corrosive environment.
This inspection, and continuing corrosion investigations, pro-
vided considerable insight into the extent of corrosion and
where to look, particularly the hidden areas. It also served as
a testbed for evaluating various nondestructive inspection
techniques. Corrosion and stress corrosion cracking (SCC)
remain the primary structural issues concerning the KC-135.
Specific concerns were that the life of the airframe would not
meet the 2040 goal that was estimated by the 1977 DADTA
because corrosion would accelerate the onset of WFD in the
fuselage or empennage or make some of the calculated in-
spection intervals unconservative.

In 1995 the C/KC-135 system program director chartered
the C/KC-135 aging aircraft integrated product team, known
as Coral Reach, to develop an aircraft sustainment master
plan, which defined a number of activities intended to en-
hance flight safety, reduce the cost per flying hour, and
improve aircraft availability. In early 1996 this plan was
reviewed by a blue ribbon panel consisting of representatives
from the Air Force, NASA, and the FAA, with advisors from
Boeing, the prime weapon system contractor. This panel
concluded that from the available data it does not appear that
there will be an onset of WFD in the fuselage, the empennage,
or the previously modified lower wing surfaces until after
2040, assuming that the aircraft utilization rates and use
remain as predicted. This conclusion was based partially on
the results of tear-down inspections of fuselage panels re-
moved from high-time 707/JSTARS aircraft. These panels
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were heavily corroded, but there was no evidence that this was
causing early fatigue cracking. However, the panel acknow-
ledged that there are differences between the 707 and KC-135
fuselage construction in some areas, and additional analytical
investigations and inspections were needed to improve the
estimates of the onset of WFD. Also, the panel expressed
concern about the long-term effectiveness of the cold-worked
fastener holes in the 7178-T6 aluminum lower surfaces of the
outer wing (i.e., this stemmed from the fact that some small
fatigue cracks had been reported in some outer wing fastener
holes in one specific aircraft that had been inspected) and
recommended several actions, including assessing the need
to replace these lower wing surfaces and the station 733 joint
closure rib that has had a lot of problems with corrosion and
SCC. It is the committees understanding that the Air Force is
now seriously considering this option. The 1996 blue ribbon
panel also complimented Oklahoma City ALC on its mainte-
nance program and emphasized the need to maintain aggres-
sive efforts to prevent corrosion and SCC from becoming
safety issues.

During the course of this study, the following specific
corrosion and SCC problems were reported to the committee
by a representative of the system program director:

e corrosion between fuselage lap joints and spot-welded
doubler layers

e corrosion around fasteners in the 7178-T6 aluminum
upper wing skins

e corrosion between wing skins and spars

e corrosion between bottom wing skin and main landing
gear trunnion

e corrosion between fuselage skin and steel doublers
around pilot windows

e SCC of large 7075-T6 aluminum forgings (fuselage
station 620, 820, and 960)

e corrosion and SCC of fuselage station 880 and 890 floor
beams

e corrosion and SCC of the wing station 733 closure rib

e corrosion in the E model engine struts

C-141B

The C-141A was designed and manufactured by Lock-
heed (now Lockheed-Martin) as a long-range, heavy logis-
tics transport aircraft. The primary materials in the aircraft
are the 7000-series aluminum alloys heat treated to the T6
condition. A total of 285 aircraft were manufactured and
delivered to the Air Force from January 1964 to February
1968. The original design life goal for the aircraft was
30,000 flight hours, and a full-scale fatigue test was per-
formed to validate this design goal. In addition, the aircraft
was designed to be fail-safe for a single-element failure
(e.g., a single wing plank), which was then the standard for
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commercial aircraft design. The Aircraft Structural Integrity
Program (ASIP) also included an individual aircraft tracking
program (IATP).

By 1974, after the aircraft had been in service for about 10
years, it was evident that the fuselage was volume limited for
a number of logistics missions. A decision was made to add
approximately 22 ft. to the length of the fuselage and to add
in-flight refueling capability to the aircraft. However, before
the Air Force was willing to expend the funds on this effort,
it wanted to know if there was enough remaining life to justify
the modifications. The Air Force’s Aeronautical Systems
Division (now Aeronautical Systems Center) recommended
that an update of a 1975/1976 C-141A DADTA be performed
to determine this justification and to define additional modi-
fication and inspection requirements. This assessment was
performed in 1977 and early 1978 and concluded that the
lower-bound economic service life was 45,000 hours of the
then-current use spectrum (called the SLA-II spectrum). The
aircraft fuselages were extended and the aircraft were redes-
ignated as the C-141B.

By late 1992 the aircraft had reached an average of about
35,000 equivalent SLA-II spectrum hours, with some higher-
time aircraft approaching the 45,000-hour economic service
life estimate. Also, by then the aircraft had been experiencing
many fatigue cracking and corrosion problems. Because of
delays and uncertainty about the future of the C-17, which
was to replace the C-141, Congress, in their FY93 authoriza-
tion bill, directed the Secretary of the Air Force to convene a
Scientific Advisory Board (SAB) committee to determine the
technical feasibility of extending the service life of the C-141.
This committee was convened early in 1993, held a series of
meetings during the first half of that year, and released a final
report in January 1994.

At the time of the SAB committee reviews there was
increasing evidence of the onset of WFD in several different
locations in the wings, corrosion and SCC in the upper surface
of the center wing, fatigue cracking and SCC around the
windshield, fatigue cracking in the stiffeners in the aft pres-
sure door, SCC in the fuselage main frames, and some corro-
sion in the empennage.

Tear-down inspection of the wings from two service
aircraft, which had about 45,000 equivalent SLA-II spec-
trum hours, showed evidence of WFD in the fuel drain
holes (i.e., weep holes) in the integral risers in the lower
surfaces of the wings. Methods to protect the structural
safety until aircraft retirement or lower-surface replace-
ment by inspections, hole cold working, and the use of
bonded composite doublers were being investigated. Also,
WEFD had been found previously in the wing station 405
chordwise joint that connects the inner wing to the outer
wing, and a modification consisting of a large doubler plate
plus many local repairs and hole oversizings was already
under way. Although the corrosion and SCC was a serious
maintenance problem in the center wing box, the most
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serious concern from the standpoint of flight safety was the
fatigue cracking that was occurring in the joggle area of the
lower-surface side-of-body chordwise joint (wing station 77).
At the time of the review, 72 aircraft had had their center wing
boxes refurbished and this lower joint reinforced. The struc-
tural safety of the remainder of the aircraft was being pro-
tected by frequent close inspections until they could be
modified or the aircraft retired. The final area of the wing that
was a concern form the standpoint of WFD, and probably the
most difficult in that there was no identified modification or
repair short of lower-surface replacement, was the spanwise
splices that connect the multiple wing panels together. During
the 1977/1978 DADTA and again in a review in 1990, it had
been predicted that the onset of WFD in these splices would
occur at about 45,000 equivalent hours of the SLA-II spec-
trum. The tear-down inspection of the wings that had about
45,000 hours had revealed some cracking, but the inspections
were not complete and no final judgment about the adequacy
of the 45,000-hour limit was made by the SAB committee.
None of the fuselage or empennage cracking and corrosion
problems were considered to be life limiting by the SAB
committee, and various modifications and repairs were under
way. However, the SAB committee identified several areas
of the aircraft where corrosion was causing major economntic
problems.

Since the 1993 SAB committee review the weep hole
cracking problem was brought successfully under control
through a combination of inspections, the use of bonded
boron/epoxy doublers, and, where possible, cold working of
holes. This took a concerted effort by the Air Force’s Wright
Laboratories, Warner-Robins ALC, and their supporting con-
tractors. Also, the modifications to the wing station 405 splice
were completed, and inspections, modifications, and repairs
in the other areas of the aircraft continue to take place. With
regard to the onset of WFD in the wing spanwise splices, there
have been additional inspections in operational aircraft and
more cracking has been found. Using these findings, Lock-
heed-Martin has performed a risk analysis and has concluded
that the previous 45,000-hour estimate for the onset of WFD
is unconservative. They now believe that 37,000 equivalent
hours of SLA-II is a better estimate of the onset, causing
concern over the fail-safety of all aircraft with a greater
number of hours. The only alternative to grounding (or re-
placing the lower wing surface) is to protect the structural
safety through frequent, careful, and very burdensome in-
spections of all highly-stressed fastener holes in the spanwise
splices to detect and repair cracks before they reach critical
size. This will require the inspection of over 6,000 fastener
holes per aircraft every 120 days until the aircraft is retired.
The C-141Bs are now in the process of being retired and
replaced by the C-17, but as seen in Figure 2-4, they will not
be completely phased out of the inventory for several more
years. Until it is retired, the structural management of this
force will continue to be a significant challenge.
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C-5

Lockheed was awarded the contract for the C-5A airlifter
in October 1965. The first flight was in June 1968, and by the
end of 1970 thirty aircraft out of a total production buy of
eighty-one had already flown and were delivered to the Mili-
tary Airlift Command. All of the production aircraft had been
delivered by May 1973. Full-scale static and fatigue testing
that was conducted in 1971 revealed serious structural defi-
ciencies (discussed below) that led to a major wing modifica-
tion program called H-Mod. No changes or modifications
were incorporated during production on any of the 81 aircraft
because of the lateness of the testing1 and because of the type
of contract that the government had with Lockheed (i.e., fixed
price under a total package procurement concept). The Air
Force authorized Lockheed to proceed with H-Mod in 1978,
and by 1987 all surviving C-5As had been modified. Also, in
1982 the decision was made to have Lockheed build 50
C-5Bs, which incorporated the wing improvements included
in the H-Mod. This program was completed in 1988. As of
September 1996 there were a total of 126 C-5s (As and Bs) in
the inventory. This included 81 in the active force, 32 in the Air
Force Reserve, and 13 in the Air National Guard. The average
age of the total C-5 force is 18 years; however, the average age
of the A model is about 26 years. The flight-hour distributions
for the C-5A and C-5B aircraft are shown in Figure A-1.

The C-5 structure is a multiple-load-path fail-safe design that
is made predominately of 7000-series aluminum alloys. The
wings consist of a center wing box, inner wing boxes, and outer
wing boxes. The upper and lower surfaces of the boxes are made
of shiplap planks fastened together by single rows of interference
fit fasteners. The individual planks are machined from thick
aluminurn plate with integral spanwise stiffeners. The planks in
the original C-5 wings were made from 7075-T6 aluminum, but
in H-Mod they were changed to 7075-T73511. The original
contract for the C-5 specified the maximum empty weight as a
design requirement, but provided for the 30,000-hour design life
as a noncontractual design goal. Thus, when difficulties were
encountered in achieving the weight requirement, the contractor
elected to reduce the thickness of the wing planks, which raised
the operating stress levels in the wings. The resulting stress levels
were significantly higher than the contractor had used previously
in the design of the C-141 wings and they were much higher
(e.g., 4010 80 percent higher) than those used on any commercial
transport aircraft. It was hoped that the adverse effect of these
higher stresses on structural life would be offset by improved
quality (i.e., lower stress concentration factors) and the beneficial
effects of the interference-fit fasteners, and thus the design life
goal would still be achieved. This did not turn out to be the case.

This led to the ASIP requirement that one lifetime of full-scale
fatigue testing be completed before full production authorization on
future weapon systems.
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FIGURE A-1 C-5 flying hour distribution (through March 1996).

The first major structural difficulty occurred in the spring
of 1971 when there was a tension failure of the lower surface
of the wing at less than the design ultimate strength during
the full-scale static test program. Next there was a series of
local failure and cracking problems very early during full-
scale fatigue testing. The three major problem areas were
(1) the chordwise joints at wing station 120 that connect the
inner wings to the center wing box, (2) the spar webs, and (3)
the spanwise splices that connect the shiplap wing planks
together. In fact, it appeared that the wings were in a state of
WEFD after less than one-third of a design lifetime of cyclic
testing. At this point the Air Force and Lockheed jointly
decided that an independent review team (IRT), consisting of
government and industry aircraft structures experts from out-
side the C-5 program, should be formed to perform an in-
depth review of the C-5 structural design (with primary
emphasis on the wings) and determine available solutions.
This effort was conducted in 1972 and was one of the first
DADTAs of Air Force aircraft.

Although the wings were designed to withstand the loss of
a single wing plank without a complete wing failure, the IRT
had two concerns about the fail-safe design. First, there was
a concern that if a plank failed due to manufacturing damage
(e.g., a rogue flaw) in a spanwise splice fastener hole, there
was a high probability that the flaw would exist in two planks
(i.e., due to the common fastener hole) and as a result there
would be a two-plank failure that the wing could not sustain.
Second, even if only one plank failed, the wing would not be
fail-safe if the structure reached the point where there was
WFD (i.e., there were many small cracks in the adjacent wing
planks). Thus, the IRT determined safety limits for the C-5
wings based on slow crack growth from an assumed maxi-
mum probable initial manufacturing damage in a spanwise
splice fastener hole and also by estimating the onset of WFD
based on the fatigue test results. In addition, they developed
and evaluated numerous potential near- and long-term solu-
tions, including load alleviation options, several types of
fastener changes, various local reinforcements, and redesign
of major portions of the wings. The IRT recommended fuel
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management and a load alleviation system to reduce the
near-term fatigue damage rate and development of an essen-
tially new, lower-stressed wing (i.e., plan H or H-Mod) for
incorporation before reaching the estimated safety limit of the
original wings. They recommended that the use of the aircraft
then in operation be limited to 6,500 hours. This was based
on the 1972 use spectrum (i.e., a 14-mission spectrum) and
assumed that a passive load distribution system was imple-
mented. This limit was based on safe crack growth from an
initial manufacturing flaw in a spanwise splice fastener hole.
The estimated time for onset of WFD was only slightly higher
at about 8,000 hours of the same spectrum.

Following the IRT study, the ongoing C-5 program at
Lockheed continued to evaluate the options, refine the H-Mod
design, review the use of the operational aircraft, refine the
damage tolerance calculations, and further evaluate the find-
ings from the fatigue test articles. Also, Air Force Headquar-
ters had asked the RAND Corporation to perform an airlift
study, which included another independent look at the C-5
structures problem. There was considerable resistance against
the Air Force immediately committing to a major modifica-
tion program for the C-5A because of the costs involved,
uncertainty over the extent of modifications that were really
needed, and when it was needed, and the perception that
Lockheed would be rewarded for fixing a problem that many
felt was of their own making. In January 1975, the Air Force
Aeronautical Systems Division (ASD) asked a committee of
the SAB’s Division Advisory Group to review the new data
and results of the analyses and evaluations performed since
the 1972 IRT and assess their potential impact on the need for
H-Mod and recommendations for when it should be initiated.

By the time of the January 1975 review by the Division
Advisory Group committee, the operational spectrum for the
C-5A had been changed from the original 14-mission spec-
trum to a new spectrum called the “representative mission
profiles,” or the RMP spectrum, so as to more nearly reflect
the actual and planned aircraft use. Also, the tear-down in-
spection of the full-scale fatigue test wings had revealed more
spar web cracking than had previously been thought to exist,
and the damage tolerance analyses had been refined to include
the effects of shear loading on crack growth rates. The addi-
tional spar web cracking indicated that new spar webs were
likely required for H-Mod, rather than only repairs as had
been previously thought. The net result of the changes in the
spectrum and analysis method resulted in a predicted safety
limit of 8,000 RMP hours based on slow crack growth from
an assumed 0.05-in. initial manufacturing flaw in a spanwise
splice fastener hole to critical size. It was also estimated that
the onset of widespread fatigue cracking may be as high as
10,000 RMP hours. The Division Advisory Group committee
reiterated the need for H-Mod and further recommended an
active load distribution system rather than the passive system
then in use. This would further increase the safety limit by
about 10 percent.
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The position taken by the RAND Corporation from their
study was that the Lockheed and Air Force analyses were too
conservative and that the onset of widespread fatigue cracking
may be in the 12,000 to 15,000-RMP-hour range. Also, they
were skeptical about the need for a modification as extensive as
H-Mod and believed that it would outlast the rest of the aircraft.
They further recommended information enhancement initiatives
to better define the C-5’s structural modification needs. The
ASD agreed that there were uncertainties in the safety limit
prediction and the estimate of the onset of WFD, but did not
agree that they were overly conservative. ASD also supported
the recommendation for information enhancement initiatives,
specifically further residual strength analysis and tests, nonde-
structive evaluation (NDE) development, risk analysis, and a
phased tear-down inspection of the wings from a high-time
aircraft to determine if widespread cracking had initiated.
These recommendations led to the 1977 Structural Informa-
tion Enhancement Program (SIEP), which was, in effect,
another DADTA of the C-5A wing structure.

As part of the 1977 SIEP effort, the slow crack growth
safety limit was refined further, based on additional analyses
and tests, to be 7,100 RMP hours compared with the 8,000-
RMP-hour value at the time of the 1975 Division Advisory
Group committee review. Also, as part of this SIEP effort, a
wing that had been on an operational aircraft (Lockheed no.
68-0214) was torn down and inspected. This aircraft had
accumulated about 6,700 RMP hours at the time of tear down.
A total of 44,641 fastener holes were inspected, and 1,361
small cracks were detected. Of these, 931 were considered
significant. Although initial manufacturing damage was
noted in some holes, none was as large as was assumed in the
safety limit calculation. On the other hand, the number of
small cracks was more than anticipated. A risk assessment
was performed to determine whether or not the C-5A wings
would have lost their fail-safety given a single-plank failure
from any cause (e.g., impact from an engine burst or gunfire),
assuming that the crack population found in aircraft 68-0214
was representative of the other aircraft. The results of this
analysis predicted that the failure probability was about 2 x
10" at the time the 7,100-RMP-hour safety limit is reached.
Although this was higher than the 1 x 10™ that had been
established previously as criteria for the onset of WED, the
Air Force group monitoring the SIEP activities did not rec-
ommend a reduction in the 7,100-hour safety limit and sched-
uled time for H-Mod. However, an enhanced special
inspection program was recommended on each aircraft until
H-Mod was accomplished. During the 1980s the H-Mod
program proceeded relatively free from further disruption
until it was completed in 1987.”

2Congressional hearings were held during 1980 by the Joint Commit-
tee on Economics chaired by Senator William Proxmire. These hearings
investigated the circumstances surrounding the award of the H-Mod
contract to Lockheed.
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In November 1996 this committee received a briefing from a
representative from the San Antonio ALC on the current struc-
tural problems encountered on the C-5 aircraft. Not surprisingly,
there was no mention of any fatigue cracking problems in either
the C-5A H-Mod wings or the C-5B wings because they now
have low operating stress levels. However, it was somewhat
surprising that, given the complexity of the structure, there was
no mention of any fatigue cracking problems in the fuselage or
the empennage. The dominant structural problems encoun-
tered to date have been SCC of the 7075-T6 aluminum main-
frames, keelbeam, and fittings in the fuselage; and SCC of the
7079-T6 fuselage lower lobe and aft upper crown.

AIR COMBAT COMMAND BOMBER, FIGHTER, AND
ATTACK AIRCRAFT

B-52H

The B-52H was the last model of the B-52 strategic bomb-
ers built by Boeing. A total of 102 B-52Hs were built during
1961 and 1962. Of these, the Air Force still has 85 in the active
force and 9 in the Air Force Reserve. The average flight hours
of these aircraft was about 13,500 in 1995. The high-time
aircraft had 18,313 hours and 2,363 flights.

FIGURE A-2 General locations for B-52G/H structural improvements.
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Structurally, the B-52H was nearly the same as the B-52G,
and both models underwent major structural modifications dur-
ing the 1960s when the Air Force changed the mission of the
aircraft from a high-level strategic bomber to a low-level pene-
trator. These modifications incorporated some tougher materials
(e.g., the lower wing skins were changed from 7178-T6 to
2024-T3 aluminum, and the in-board upper wing skins were
changed from 7178-T6 to 7075-T6 aluminum), lower stresses,
and improved structural details. The extent of the three largest
modifications (i.e., ECPs 1050, 1128, and 1185) is illustrated in
Figure A-2. The design life goal of this modified wing and body
structure was 12,000 flight hours, and it was fatigue tested to
72,000 cyclic test hours or six lifetimes during the 1960s. After
the test, the tear-down inspection revealed about 222 cracks. In
early 1978 a structures working group led by ASD/EN con-
ducted a review of the B-52G/H structures to obtain an estimate
of the longevity of the airframe because several expensive
upgrades of the avionics systems and weapons carriage were
planned. This group concluded that the results of the 1960s
full-scale fatigue test may have been somewhat optimistic be-
cause the test contained periodic overloads that would artificially
retard crack growth. The test spectrum was severely truncated,
and the severity of the spectrum was not well defined compared
with actual service use. Also, even after the 1960s modifica-
tion programs, there was still a lot of 7178-T6 and 7075-T6

ECP 1050
[ ESE

ECP 1185-5K
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aluminum in the primary structure of the airframe. These
alloys have relatively poor fracture properties and are suscep-
tible to corrosion and SCC. The group recommended that a
detailed DADTA be conducted. This was performed during
1979 and early 1980 and the tracking program was upgraded.
The DADTA identified about two dozen critical areas requir-
ing inspections and potential future modification. It also
concluded that, with inspections, modifications, and contin-
ued tracking of the aircraft, the aircraft could be operated
safely into the twenty-first century.

In 1990 a B-52 structures working group was formed with
representatives from the Oklahoma City ALC and engineers
from Boeing with expertise in fatigue, stress, design, and
materials. The purpose of this group was to develop solutions
to current structural problems and to address long-term aging
issues. Some specific problems they have addressed in the
past several years are

e cracking in the bulkhead at body station 694
o fatigue cracking in flap tracks
e cracking in the side skin of the pressure cabin
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¢ cracking in aft body skins
cracking in the upper surface of the wing
fatigue cracking in the thrust brace lug of the forward
engine support bulkhead

Force-wide inspections and identified corrective actions
for each of these problems have either been or are being
implemented. In addition, a tear-down inspection of a retired
service aircraft was conducted to assess the corrosion prob-
lems on the aircraft, and an updated DADTA was completed
in 1995. The corrosion tear-down inspection revealed only
relatively minor problems, and it was concluded that, with
continued use of corrosion-preventative compounds, corro-
sion should not be an issue. As part of the DADTA, an
estimate was made of the lower-bound economic life of the
airframe. It was determined that the limiting component was
the upper surface of the wing, where it was determined that
the lower-bound economic limit was about 32,000 hours of
the current use spectrum. Based on the current utilization rate,
it was estimated that this would allow the aircraft to be used
beyond the year 2030. This is illustrated in Figure A-3.
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B-1B

The North American Rockwell B-1 strategic bomber pro-
gram was awarded in June 1970. The program was to consist
of 4 prototypes and 244 production aircraft. The first proto-
type flew in December 1974, and the program was terminated
in 1977 in favor of cruise missiles. A 100-aircraft program
was resurrected in October 1981 as the B-1B. The contract
was awarded in January 1982 and the first flight of the B-1B
was in October 1984 and the initial operational capability
(I0C) was in October 1986. Currently, there are 81 B-1Bs in
the Air Force and 14 in the Air National Guard.

Although the initial contract did not have damage toler-
ance design requirements, design changes were made in 1971
to implement them. This represented the first Air Force air-
craft designed to such requirements. Although the require-
ments had not yet matured to the level reflected in
MIL-STD-1530A and MIL-A-83444, which were released in
1975, the requirements did include a safe crack growth design
that significantly influenced the materials selection. The ma-
terial selected for the wings was 2219 aluminum, which had
been used successfully in the Apollo space program. Titanium
6A1-4V was used for the wing carry-through structure and
the internal structure of the horizontal tail, and a tough low-
carbon steel alloy was used for much of the empennage
support structure. Considerable effort went into obtaining
fracture toughness data and fatigue crack growth data for all
of the alloys used in the B-1. It was these data that formed the
start of the Air Force Damage Tolerance Handbook.

Designed to be damage tolerant, the in-service structural
inspection requirements would be expected to be minimal if
the aircraft were flown close to their original design loads
spectrum. However, as with many other combat aircraft, the
B-1B actual use spectrum is more severe than the original
design spectrum. The load factor occurrences have been in
excess of the design use, particularly in traffic patterns. In
fact, there have been occurrences of load factors in excess of
the design limits for the aircraft. Also, the fuel reserves at
landing are in excess of those assumed during the design. The
reason for this is the desire to be able to avoid commercial
airports in the event of the need to use an alternate airport.
The consequence of the increased load factor occurrences and
increased landing weights is increased fatigue damage rate
(i.e., the rate of flaw growth) and thus shortened inspection
intervals. This could become a problem in the wing structure
if fastener removal becomes necessary for inspection because
the B-1B uses interference fit fasteners in the wing. This is
currently being investigated by the Oklahoma City ALC to
determine the alternatives. Obviously, the best solution would
be to return to the original use for which the aircraft was
designed, if possible, since the aircraft are still quite young
and the damage to date may not be excessive.

To date, the fatigue cracking and corrosion problems on
the B-1B airframes appear to be minimal and, unlike many
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earlier aircraft, more emphasis was placed on selecting mate-
rials with increased corrosion resistance. One exception has
been the horizontal tails that have encountered high-cycle
fatigue damage to the internal titanium sine wave spar struc-
ture. The tail is located just above the exhaust wake of the
engines, but well within the high-acoustic-noise envelope.
This placement of the tail was intentional to achieve high-per-
formance turns at low velocities using the engine exhaust to
increase the control power exercised by the horizontal tail.
Although the original ground fatigue tests and ground vibra-
tion tests showed no problems and the natural frequencies of
the tail were beyond those at which acoustically driven prob-
lems would be expected, flight experience showed that high-
cycle fatigue cracking occurred very early in the service life.
After considerable effort on the part of the contractor, the
problem was found to be caused by the fact that the production
tails had gaps between the skins and the titanium substructure.
This caused bending of the spar and rib flanges during assem-
bly, producing high sustained stresses in the flanges. In addi-
tion, there was loosening of the blind fasteners in flight. These
factors caused the response frequency of the overall tail to be
reduced such that it fell within excitation frequencies of the
engine acoustic noise. The contractor developed an overall
analysis of the dynamic response of the tail, which in turn has
led to a modification that is believed to have solved this
problem.

F-15

The McDonnell Douglas F-15 was the winner of an Air
Force competition for a new air superiority fighter aircraft in
December 1968. The first flight of the aircraft was in July
1972 and IOC was in January 1976. Since the start of the
program, five different models have been built for the Air
Force (plus models for foreign military sales). These are the
single-seat A and C models, the two-seat B and D models,
and the dual-role two-seat F-15E Strike Eagle. The Air Na-
tional Guard currently has 116 of the A and B models, and the
Air Force has 621 of the other models. The structural configu-
ration of the aging A through D models are much the same.

The F-15A/D models were designed under Air Force ASIP
requirements in the late 1960s prior to the adoption of damage
tolerance requirements; however, full-scale fatigue and static
testing were also conducted. A complete DADTA was per-
formed in the early 1980s to update the maintenance program
based on the damage tolerance approach. In the initial design
of the F-15, McDonnell Douglas incorporated a fatigue-resis-
tant interference fastener system, but ignored its beneficial
effects when establishing the operating stress levels for the
structure. This turned out to be fortuitous in that it allowed
some margin for increase in severity of the loads spectrum.
In fact, the growth in weight of the aircraft and changes in
load factor severity have significantly increased the spectrum
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severity, causing the time required to grow an initial flaw to
critical size to be reduced to about one-fourth of its original
value. This increased severity was noted through the IATP
conducted by the Warner-Robins ALC, and because the
change was so significant, it was decided to conduct an
additional full-scale fatigue test to the increased severity
spectrum. This test was conducted at the Wright Laboratories
test facility at Wright-Patterson AFB. The results of this test
indicate that the original operational service life goal of 8,000
hours should still be attainable. However, the increased use
severity will increase the inspection burden, and some of the
wing inspections could become particularly onerous because
of the current lack of NDE capability to inspect for small
cracks without removal of the fasteners. McDonnell Douglas
is currently using the results of the tear-down inspection of
the fatigue test aircraft and crack growth analyses to obtain a
better estimate of the actual service life expectancy of the F-15.

When the F-15E was designed, the MIL-STD-1520 and
MIL-A-83444 damage tolerance requirements had been im-
plemented. This meant that some areas of the original F-15
structures design had to be changed to meet these require-
ments, and some additional testing was required to prove the
structural integrity. To date, the E models seems to be flying
close to their design use spectrum.

The structural problems that have been encountered in
service on the F-15 fall into the five following general
categories:

damage to honeycomb structure
buffet-induced cracking
acoustic-induced cracking

corrosion in nonhoneycomb structure
low-cycle fatigue cracking

The F-15C and E models have experienced honeycomb
water intrusion, corrosion, disbonds, cracks, and in-flight loss
of various secondary structures such as wing tips, ailerons,
flaps, fin leading edges, and horizontal tail components.
These problems have been caused by leak paths, inadequate
bond durability, and unexpected dynamic loading. The cur-
rent solution has been to perform a patch repair or to replace
the components with improved honeycomb components.

The areas of the F-15 structure that have encountered
buffet-induced cracking are illustrated in Figure A-4. Twin-
tailed aircraft, such as the F-15 and the Navy’s F-18, use
vortices generated from the fuselage at high angles of attack
to provide additional rudder power for control. Unfortunately,
these same vortices provide a very turbulent flow field at
intermediate angles of attack and subject the tails to a high-
frequency, asymmetric loading that causes early high-cycle
fatigue cracking and partial failure of the tail structure. The
first sign of cracking due to these loads in the F-15 was in the
pod attachments at the top of the tails. Local repairs did
nothing but move the failure points and reduce the life. It took
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a careful analysis of the entire tail response and fuselage
attachment stiffness by McDonnell Douglas to simulate the
tail vibration modes and deflections that led to these failures
and provide the insight to arrive at a solution. This involved
increasing the overall stiffness of the tail by adding graphite
composite plies to attenuate the vibration. In the case of wing
cracking due to buffet, as indicated in Figure A-4, the cause
was flow detachment over the outer wing at even modest
angles of attack that resulted in high-frequency out-of-plane
loading. These loads vibrated the skins and integral stiffeners
and caused cracking of the rib mouseholes through which the
spanwise stiffeners ran. Again, local repairs did not solve the
problem. Eventually, damping systems were applied to the
stiffener/rib connections to reduce the problem, and an alter-
nate method of connecting the stiffener cap to the rib was
developed.

The primary acoustically induced high-cycle fatigue
cracking on the F-15 was encountered on the E model after
stores (externally mounted weapons and systems) were quali-
fied for use on the aircraft. The E model is configured for both
air-to-air and air-to-ground attack missions, and in the air-to-
ground mission radar evasion often requires low-altitude,
high-speed cruise and dash to the target. With multiple stores
attached to pylons beneath the wings, shocks are formed,
which cause high acoustic vibrations to occur on certain skin
panels of the fuselage. These vibratory loads have been high
enough to cause high-cycle fatigue cracking of some skin
panels. To permanently fix such damage, it is necessary to
design the repaired structure such that its natural frequency is
out of the range of the shock impingement frequency. This is
a complex problem that requires knowledge of both the
excitation sources and the structural responses. The current
approach to fixing these problems on the F-15 has been to
replace the damaged structure with parts with greater thick-
ness to increase strength and to apply damping material.
Additional research in understanding and developing repairs
or modifications for these types of problems (e.g., composite
repairs and better damping materials) appears worthwhile.

The corrosion problems in nonhoneycomb structure on the
F-15 have been minimal. There have been some problems in
the fuselage fuel tank, the outboard leading-edge structure of
the wings, and the flap hinge beam. The current solution has
been to improve drainage, repair, and replace.

The primary low-cycle fatigue cracking that has occurred
in service to date has been in the upper surface of the wing in
compression-designed structure that was not sized for fatigue
during the initial design. Also, there has been one fuselage
cracking problem. The specific low-cycle fatigue cracking
locations were as follows:

upper wing surface stringer runouts

upper wing spar cap seal grooves

front wing spar conduit hole

upper in-board longeron splice plate holes
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FIGURE A-4 F-15 buffet-induced problems.

None of these problems is life limiting, and in all cases
preventive repairs have been designed and installed on the
aircraft.

F-16

The first General Dynamics YF-16 prototype flew in Janu-
ary 1974. After winning the fly-off against the YF-17 proto-
type, eight more development aircraft (i.e., six single-seat A
models and two two-seat B models) were built. The produc-
tion authorization was announced in the spring of 1978. The
first flight of a production F-16A was in August 1978 and IOC
was in 1979 at the 388th Tactical Fighter Wing at Hill AFB.
The Air Force currently has 809 F-16s in the active forces, 73
in the Air Force Reserve, and 631 in the Air National Guard.

When the full-scale development began in January 1975,
the airframe was designed to the ASIP requirements in MIL-
STD-1530A and the damage tolerance requirements in MIL-
A-83444, Materials and stress levels were selected to
preclude the need for structural inspections throughout the

Outer wing
« Upper skin cracks (C and early E)

« Upper rib cap cracks (C and early E)

« Upper spar cap cracks (C and early E)
- « Leading edge rib cracks (C and E)
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—— Upper vertical tail (C and early E)
« Tip pod cracks
* Sheet metal cracks

I« L/E box cracks

I« Fastener hole cracks

+ Bond line failures

— Rudder attached (C and E)
T Hinge wear

¢ Hole elongation

* Loose fasteners

Wing trailing edge box
* Rib cracks (C and E)
= Skin cracks (C and E)
* Aileron closure spar

transducer hole crack
{C and E)

design operational life of 8,000 hours of the design use
spectrum. The structural arrangement of the F-16 is shown in
Figure A-5. The aircraft was designed for a limit load factor
of 9 g’s to what was thought to be a severe load factor
exceedance curve. The design gross weight of the aircraft was
22,500 1b., and the design mission distribution was

e 55.5 percent air-to-air
¢ 20.0 percent air-to-ground
e 24.5 percent general

A full-scale static test was conducted under more than 100
different test loading conditions. All test objectives were met,
and no structural modifications were needed. A full-scale
fatigue (durability) test was conducted to two lifetimes of the
design use spectrum and was completed in March 1978. Some
cracking occurred in the fuselage center section bulkhead
shear webs, and action was taken to reinforce these areas in
the production aircraft. Also, a few other cracks occurred at
local stress concentrations, which required some local
changes in the production aircraft.
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FIGURE A-5 F-16 structural arrangement.

Almost immediately after its introduction into operational
use, the gross weight of the aircraft started to increase due to
increased payloads, and the aircraft use changed. In 1981,
General Dynamics made an assessment of the structural
capability of the F-16 at a gross weight of 23,500 lbs. and
concluded that the aircraft was adequate from the standpoint
of static strength. The effect of the increased weight and
mission changes on the fatigue was still uncertain because
there was still only a limited amount of tail number tracking
data available. By the mid-1980s the new mission distribu-
tion was

e 28 percent air-to-air
e 57 percent air-to-ground
e 15 percent general

Also, the data from the IATP began to indicate that the load
factor (N,) exceedances were more severe than had been
assumed in the initial design for all three missions. It was
believed that these increased exceedances were caused by an
“Alpha-g” limiter that allowed the pilots to accomplish sig-
nificantly more high-“g” maneuvers without fear of overload-
ing the aircraft. This, combined with the continuing increases
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in aircraft weight (e.g., the design gross weight for the F-
16C/D, block 50, grew to 28,750 Ibs.), resulted in signifi-
cantly increased stress exceedances and reduced fatigue life.
In February 1984 the F-16 Systems Program Office asked the
Aeronautical Systems Division’s engineering and technical
management organization (ASD/EN; now ASC/EN) to per-
form an independent assessment of the F-16 structural integ-
rity program. Based on this review it was decided that the use
severity dictated the need for a new full-scale static and
durability test.

During the full-scale static test in October 1987, the left
wing failed at approximately 85 percent of the design ultimate
strength (as a result of the maximum wing bending moment
being 25 percent higher for the F-16C/D than for the original
F-16A/B). A modification was developed and the static test
was successfully completed. The full-scale fatigue (durabil-
ity) test was begun in September 1987. A primary purpose of
this new test was to identify the areas of the structure that had
become fatigue critical as a result of the more severe and
different use of the aircraft. The test revealed about a dozen
new critical areas by October 1989, when it had reached 7,330
cyclic test hours. At this point the test was stopped for
replacement of the wing attach bulkheads (i.e., fatigue cracks
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were first noted in the bulkheads at about 4,000 cyclic test
hours). Damage tolerance analyses were performed to estab-
lish the safety limits and inspection requirements for all of
critical areas.

In early 1991, the Air Force, led by ASD/EN, conducted
another independent review of the F-16 structural integrity pro-
gram. By this time there were 18 critical areas or locations
identified in the airframe. Of the 18 areas, 15 had been identified
by either the 1987/1989 full-scale fatigue test or subsequent
component testing. Of these 15, 6 had also shown up as cracking
problems on service aircraft. In addition, two more areas had
shown up on service aircraft that had not been identified by
fatigue testing. One was at a tab radius of the wing attach
bulkhead and the other was at a pad radius of the vertical tail
attachment bulkhead at fuselage station 479. It was later discov-
ered from the flight recorded data that the actual service loading
spectrum for the vertical tail was more severe than that which
had been applied during the 1987/1989 full-scale fatigue test
because of rolling maneuvers with rudder input from the pilot.
One critical area was identified by analysis only. The review
teamn concluded that the potential for future service problems was
high, and they made a number of recommendations with regard
to future inspections and modifications.

By mid-1995 more service cracking had been discovered,
generally at times fairly close to what had occurred during

ECP 1966-center
fuselage upper skins

ECP 1871
BL-longerons/web

FIGURE A-6 F-16 structural modification areas.

ECP 1912-Pand W
forward engine mount
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fatigue testing, and repair and modification plans were either
in place or being defined for the various models (i.e., A, B, C,
and D) and blocks of aircraft within a model. The six general
areas requiring repair or modification are shown in Figure
A-6, along with the ECP number that addressed the F-1 6C/D
block 40 modifications.

In November 1996 the committee received a briefing by
the system program director’s representative on current struc-
tural problems on the F-16. The six problem areas that were
highlighted were

o cracking of the vertical tail attachment bulkhead at
fuselage station 479

e cracking of fuel vent holes of the lower wing skin

e cracking of the wing attach bulkhead at fuselage
station 341

e cracking of the upper wing skin

o fastener problems on the horizontal tail support box-
beam

e cracking of the ventral fin

In each case, the current repair and replacement concepts
were described. Concerns about future fatigue cracking were
expressed, along with the possibility of hidden corrosion. How-
ever, corrosion was not discussed as being a current problem.

ECP 1992

FS 479 and 462
bulkhead vertical
tail attach pad

ECP 1962-GE engine
mount longerons

ECP 1910/1987-wing carry-through bulkheads
including upper FS 341 bulkhead segments




APPENDIX A

A-10

The Fairchild-Republic A-10 was selected by the Air
Force over Northrop’s competitive A-9 prototype in January
1973. This was followed by full-scale development, and
production began in 1975. The IOC was in 1977 and the first
units were deployed to Europe in 1978. The Air Force cur-
rently has 223 A/OA-10s in the active force, 51 in the Air
Force Reserve, and 101 in the Air National Guard. As of April
1996 the flight hours on the aircraft ranged from about 3,500
to about 6,800, with an average of about 5,000.

The structural configuration of the A-10 is shown in
Figure A-7. The original design life for the A-10 was 6,000
hours to a design use spectrum that was developed largely
from data that had been required from previous ground
attack aircraft such as the A-7 and F-4. Also, the Air Force
ASD was convinced by the operators and the contractor
that only mission-required fuel should be used in the de-
velopment of loading spectra for the aircraft. Both of these
factors turned out to be serious errors. First, the design
spectrum failed to recognize that this aircraft, when oper-
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ating at low levels, would be subjected to many more evasive
maneuvers than had been experienced previously by either
the A-7 or the F-4. This resulted in a higher number of load
exceedances than the aircraft was designed for. Second, the
Tactical Air Command operated the aircraft with full fuel
tanks rather than using only mission fuel as was originally
intended. The combination of these two factors resulted in the
A-10 actual use being about three times more severe than the
original design use. Further compounding the problem was
the recognition, early on, that the 6,000-hour design life was
too low and that it should be increased to 8,000 hours.
Although the goal of the original full-scale fatigue test was to
achieve two lifetimes (i.e., 12,000 hours) of the original
design spectrum (which it did obtain with some problems), it
was necessary to extend the testing and increase the severity
of the test spectrum. Thus, after testing to 12,000 hours of the
original spectrum, the test was continued another 3,480 hours
of the new severe spectrum (called spectrum 3) with repairs
to the wing structure. In addition, it became apparent that
there was a need to perform a full DADTA using the new
spectrum to determine the safety limits and inspection

FIGURE A-7 A-10 structural arrangement.
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requirements for all critical areas for both modified and
unmodified structure. Accordingly, an on-site Air Force
senior structures engineer was assigned at Fairchild-Re-
public from June 1978 to September 1979 to lead this
effort. A total of 68 critical areas were identified and the
inspection and modification needs defined. Additional
full-scale wing, empennage, and forward fuselage compo-
nent fatigue testing to the spectrum-3 loading was also
accomplished.

The full-scale fatigue testing resulted in a number of
cracking problems. In the center panel of the wing there
was skin, spar cap, and spar web cracking at numerous
fastener holes. As a result, up to 1,500 holes per wing were
cold worked as a near-term maintenance measure. In addi-
tion, the structure was redesigned to incorporate thicker
lower skins and spar caps to achieve the desired 8,000
hours of spectrum-3 use. There were also cracks in web of
the front spars emanating from nutplate holes around ac-
cess cutouts. In the outer wing panels, fatigue cracks from
fastener holes resulted in complete wing fracture at wing
station 135 and 178. As a result, the lower skin was redes-
igned with a thicker three-step skin. This change was
incorporated in production and retrofit on operational air-
craft. In addition, there was cracking of the webs of both
the front and the mid spars. In the fuselage, cracking
occurred at the upper auxiliary longeron splice strap at
fuselage station 524, and the frame at fuselage station 405
failed during the test at approximately 82 percent of the
design lifetime. Both areas required redesign and changes
to the operational aircraft. A fatigue cracking problem
requiring redesign was also encountered when testing the
main landing gear.

In addition to the cracking that occurred during the fatigue
testing, there have been a number of other fatigue cracking
problems discovered in operational aircraft as a result of the
in-service inspections that have been performed. These have
occurred at the locations listed below:

Wing:
o auxiliary spar cutout of the center section rib at wing
station 90
¢ outer panel front spar web at wing station 118 to
126
e outer panel upper skin at leading edge

Fuselage:
o center fuselage forward fuel cell floor at the boost

pump

o forward fuselage gun bay compartment

e forward fuselage lower longeron and skin at fuse-
lage station 254

o center fuselage overwing lower floor panel stiffeners
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Nacelle:
e aft nacelle hanger frame
o aft nacelle thrust fitting
¢ engine inlet ring assembly skin/frame

Main landing gear:
¢ shock strut outer cylinder

In 1991 a follow-on or update to the 1978/1980 DADTA
was performed. The number of critical areas or locations
had grown to 103. This assessment utilized an updated
spectrum based on 477,440 total hours of individual air-
craft tracking and 5,895 hours of flight data recorder data.
These data indicated that the actual use was still more
severe than the original design use, but not as severe as
spectrum 3 which was based on much less flight data. The
safety limits and inspection requirements were adjusted
accordingly.

During the November 1996 review with this committee,
the representative of the A-10 system program director listed
the current known fatigue cracking problems on the service
aircraft. In addition to some of the service problems listed
above, he noted that fatigue cracking was occurring in the
forward fuselage upper crown skin and at the lower wing skin
fastener holes and pylon stud holes at wing station 23. Also,
areas of the airframe where corrosion has been found were
described, including

¢ Exfoliation corrosion:

— 2024-T351 aluminum lower wing skin (chemically
milled step)

— 7075-T6 aluminum upper wing at the leading edge

— 2024-T3511 aluminum lower front spar cap

— other local areas in lower wing skin

— 7075-T6 aluminum fuselage bottom skin 2024-
T3/7075-T6 aluminum fuselage side skin and
beaded pan

— 2024-T3511 aluminum horizontal stabilizer upper
spar caps

e Pitting corrosion:
— 9Ni-4Co-0.3C steel wing attach fitting bushing and
Iug bore
— main landing gear fitting attach bolts
— 7075-T6 aluminum aft fuel cell aft bulkhead
2024-T351 center fuselage upper longeron

s SCC:
— wing attach bushing flange
— main landing gear attach bolts
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OTHER AIRCRAFT OF THE AIR COMBAT
COMMAND

E-3A (AWACS)

Boeing was awarded a contract for two prototype airborne
warning and control system (AWACS) aircraft in July 1970.
The first production aircraft designated the E-3A was deliv-
ered to the 552nd Airborne Warning and Control Wing at
Tinker AFB, Oklahoma, in March 1977. The Air Force cur-
rently has 32 E-3s in the active inventory. As of September
1995, the flight hours on these aircraft ranged from 9,809 to
15,872, with an average of 13,994. The number of flights
ranged from 1,358 to 2,391, with an average of 1,885.

The E-3 is a derivative of the Boeing commercial 707-
320B aircraft. The primary structural modifications were
made to the aft fuselage to attach the support struts for the
large fiberglass rotodome assembly. Designed in the early
1950s, the 707 airframe contains many parts made from the
corrosion-susceptible 7000-series aluminum alloys in the T6
condition; however, the lower wing skins and the fuselage
skins are made from the tougher 2024-T3 aluminum. The
basic structure was designed to be fail-safe and was certified
to the required fail-safe residual strength requirement then in
existence (i.e., to be able to carry 80 percent of limit load after
failure of a structural member or a large partial failure). At
that time there was no requirement for fatigue testing and
none was performed on the wing. Hydro-fatigue testing and
fail-safe testing was performed on the fuselage. The fail-safe
testing consisted of dropping guillotine blades through large
sections of the fuselage, and more than 30 such tests were
conducted during the aircraft development.

In 1976 the Air Force contracted with Boeing to perform
aDADTA on the E-3 to establish structural inspections based
on the MIL-A-83444 damage tolerance requirements and to
assess the probable durability of the airframe in the antici-
pated Air Force use. Comparative analyses between the com-
mercial 707 and the E-3 were performed to allow the
interpretation of the commercial 707 (lead-the-fleet) service
experience in relation to future E-3 maintenance needs.

The original design life goal for the commercial 707
aircraft was 20,000 flights and 60,000 flight hours and, as can
be seen in Table 3-3, there are 707s that have exceeded these
goals that are still in commercial service. As noted above, the
average E-3 has accumulated less than 10 percent of the
20,000-flight commercial design goal, and as such, the onset
of WFD should not be a concern for a number of years.

During the review with this committee in November 1996,
the representative from the E-3 program at the Oklahoma City
ALC indicated that the structural service experience included
some isolated fatigue damage and generalized corrosion of
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the 7000-series aluminum alloys and especially the 7178-T6.
The specific problems noted were:

e Fatigue and corrosion:
— rudder skins
— spoiler actuator clevis

o Exfoliation corrosion:
— TXXX-T6 upper wing skin
- leading-edge slats
— main landing gear door
— fillet flap
— magnesium parts
— fuselage stringer 23

e Delaminations and disbonds:
— windows, floor panels, and nose radome core

o Wear:
— antenna pedestal turntable bearings

E-8 (JSTARS)

The Northrop Grumman E-8 joint surveillance and attack
radar system (JSTARS) program consists of two E-8A proto-
types, one preproduction E-8B, and nineteen production E-
8Cs. All of the E-8s are scheduled to be delivered to the 93rd
Air Control Wing at Warner-Robins AFB, Georgia, by 2004,
with the first production deliveries in 1997. The E-8 airframes
are used Boeing 707 commercial aircraft. The flight hours on
the first ten aircraft selected for production JSTARS range
from about 40,000 to 64,000 hours, with an average of 53,615
hours. The number of flights on these aircraft range from
about 17,200 to 22,250, with an average of 19,861. The
planned future use for the aircraft is 16 years and 20,000 flight
hours; however, this could very well be extended if the
concept remains successful. The original design life goal for
the commercial 707 aircraft was 20,000 flights and 60,000
flight hours.

During the refurbishment and modification of the initial
commercial 707s to the E-8 configuration, corrosion was
found to be quite extensive in the aircraft fuselage. Many
longitudinal lap splices were opened up (i.e., the fasteners
were removed) and the corroded materials were ground
away. Where the corrosion was too severe, the skin panels
and stringers were replaced. Fourteen complete panels and
four partial panels removed from the first two production
E-8s were sent to Boeing for detailed inspection. Both of
the aircraft from which these panels were removed had
seen about one design lifetime (i.e., approximately 20,000
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flights and 60,000 hours) of commercial service and both
had corrosion damage ranging from light (i.e., less than
0.001 in. deep) to severe (i.e., more than 0.01 in. deep). The
purpose of the inspection was to determine if there was any
indication of fatigue crack initiation, which could portend
the future onset of WFD, and if corrosion was contributing
to the crack initiation. Thousands of fastener holes, spot
welds, and repair details were examined by a close visual
inspection, followed by detailed inspections (under 20X
magnification) of about 500 fastener holes that were in the
more-severely corroded areas. Selected fastener holes were
examined further using stereoscopic microscopes. No fa-
tigue cracks were found in any of the fastener holes or other
structural details. This finding, combined with the results
of the original hydro-fatigue testing and the results of
fatigue testing performed on the KC-135 (which is of
similar construction in many areas), provided the Air Force
with confidence that the E-8 fuselages (as well as the C-18
and the VC-137 fuselages that were also derived from the
707) will not experience the onset of WFD in the near
future.

Extensive corrosion was also found around fasteners in the
upper wing skins. The corrosion in these areas was ground
out, many fastener holes were then cold worked, and many
repairs were made in compliance with the Boeing repair
manual for the 707 aircraft.

Because of previous evidence of some fatigue cracking
in commercial 707 wings (i.e., primarily in the 7075-T6
aluminum stringers), the Air Force contracted with Boeing
to perform detailed tear-down inspections of some sections
of wings taken from two 707 aircraft that had been in
storage at Davis Monthan AFB in Tucson, Arizona. The
purpose of these inspections was to obtain data to predict
when the 707 wings might be expected to experience the
onset of WFD. One aircraft was a -300-series aircraft, such
as the E-8s, that had 57,382 flight hours and 22,533 flights
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(approximately one design lifetime of commercial use). The
otheraircraft was a-100-series aircraftthathad 78,416 flight
hours and 36,359 flights. Figure A-8 shows the plan form of
the 707-300 wing and the five sections that were removed for
detailed inspection. These inspections revealed 1,084 small
fatigue cracks in fastener holes in the 7075-T6 aluminum
stringers and 591 small fatigue cracks in the fastener holes in
the 2024-T3 aluminum skins of the 707-300 aircraft. The
findings from the inspection of the 707-100 wing yielded
somewhat fewer cracks (i.e., a total of 673 stringer and skin
cracks were found) because a much smaller area of the wing
was inspected. Ninety-six percent of the fatigue cracks that
were found in the 707-300 were in the size range from 0.01
in. t0 0.06 in., and 4 percent were greater than 0.06 in. long.
The largest stringer crack completely severed one flange of
the stringer, and the largest skin crack was < 0.20 in. out of
each side of the fastener hole.

The questions that needed to be answered with regard to
these tear-down inspection findings were:

1. Are the findings representative of the cracking that
could be expected to exist in the other used commer-
cial 707-300 aircraft that have had a similar number
of flights or flight hours?

2. Are the cracks that were found of sufficient size and
density to constitute the onset of WFD (i.e., are they
of sufficient size and density to degrade the fail-safe
residual strength of the wing to below the required
level)?

3. If they have not yet reached the size and density
necessary for the onset of WFD, when is it predicted
that this will occur?

With regard to the first question, nothing was identified to
indicate that the 707-300 aircraft that was torn down was not
typical of any other 707 aircraft with similar use. Thus, it must
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FIGURE A-8 Boeing 707 wing tear-down locations.
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be assumed that similar fatigue cracking exists in the wings
of all 707s, which have accumulated as many flights and
flight hours.

The answer to the second and third questions depends
on the fail-safe damage size and residual strength level that
is required. The ASC/EN obtained the assistance of Boeing
to analytically determine the residual strength of the wing,
assuming the failure of two adjacent skin panels and the
central stringer due to discrete source impact (e.g., impact
from an engine burst or gunfire) or due to any other cause.
The results of this analysis indicated that, with this damage
size, the remaining wing structure was barely able to sus-
tain the limit load under the assumption that there was no
fatigue cracking in the adjacent stringers or skin panels.
Although this damage size and residual strength exceed the
original certification requirement for the 707 aircraft,” it is
the typical design criteria for present day commercial air-
craft. Also, ASC/EN considered it to be an appropriate
fail-safe requirement for the E-8, recognizing that the E-8
could be operating in a much more hostile environment
than the typical commercial 707 aircraft. Using the results
of the residual strength analyses and the inspection find-
ings from the tear down of the 707-300 aircraft, the
ASC/EN, with the assistance of Boeing, developed crack
distribution, crack growth, stress distribution, and critical
stress functions necessary to perform a risk assessment of
the E-8 wings. The results of this assessment indicated that,
for the tear-down 707-300 aircraft, the risk of an aircraft
loss—given the discrete source damage—was unaccept-
able beyond about 50,000 flight hours (i.e., the onset of
WPFD was at about 50,000 hours).

It is the committee’s understanding that the Air Force is
currently in the process of reviewing the options available to
deal with this wing cracking problem in the E-8. For the
lower-time aircraft, where the cracks are still very small, the
option may be to remove the fasteners, clean the cracks out
by oversizing the holes, and then cold expanding the holes to
delay reinitiation. Where it is not possible to clean the cracks
out by oversizing, the use of composite patches may be an
option. For the higher-time aircraft the only option may be to
replace the skin panels and stringers. It is also the commiittee’s
understanding that Boeing is assessing the implications of the
tear-down inspection findings on the degradation of the fail-
safety of the remaining commercial 707 aircraft and determin-
ing the need for corrective actions.

The findings also have obvious implications to the deg-
radation in the fail-safety of the other 707 commercial-de-
rivative aircraft that have accumulated a high number of
flights and flight hours (i.e., some C-18 and VC-137
aircraft).

*The original design (in compliance with Civil Aviation Regulation
4b.270) was to be able to carry 80 percent of the limit load after failure
of a single principal structural element or an obvious partial failure.
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C-130

The Air Force selected the Lockheed proposal for what
was then designated as a heavy cargo aircraft in 1951. After
winning the competition, two YC-130 preproduction or pro-
totype aircraft were designed and built during the period 1952
to 1954 with the first flight in August 1954. The first produc-
tion contract was awarded in 1953 for seven C-130A models
with the first flight in April 1955. The IOC was in 1956. The
C-130s have five basic models: the A, B, E, H, and J. The
current production model is the H with the future J model
incorporating new engines and a two-man heads-up display
cockpit. The Air Force currently has 311 C-130s in the active
force, 141 in the Air Force Reserve, and 242 in the Air
National Guard, for a total of 694 aircraft. Except for ten
AC-130As still in the Special Operations Command, the
C-130 force consists of E and H model aircraft. All of the B
model aircraft were phased out of the Air Force’s inventory
by 1995. Nearly one-fourth of all the Air Force’s C-130s are
used in the various special purpose missions listed below.

gunship (AC-130A/E/H/U)

aerial drone launcher (DC-130E/H)

electronic combat (EC-130E/H)

search and rescue (HC-130H)

helicopter tanker (HC-130N/P)

ski airlifter (LC-130H)

missile tracker and satellite recovery (JC-130H)
multirole and special operations (MC-130E/H)
weather reconnaissance (WC-130E/H)

The E model aircraft were delivered to the Air Force
between 1961 and 1972, and the H models have been supplied
since 1973. The average age of all the C-130s in the Air Force
inventory is about 25 years.

Like most military aircraft designed in the 1950s and
1960s the C-130s used mostly 7000-series aluminum alloys
heat treated to the T6 condition, and as a result they have
encountered many corrosion and SCC problems over the
years, in addition to many fatigue cracking problems. Some
of the fatigue cracking problems are attributable to the large
amount of low-level flying associated with the many special
uses of the aircraft. The first serious problems occurred with
corrosion and cracking of the center wing structure. This led
to a redesigned center wing being incorporated in the produc-
tion of the E model in 1968 and, in the period from 1968 to
1972 the center wings were replaced on all B models and the
earlier E models.

Although there have been some minor improvements, the
same center wing has been in production since the redesign
in 1968. During the 1970s it was discovered that the damage
tolerance of the outer wings was severely degraded due to
fatigue cracking plus some faulty depot maintenance actions
by some commercial contractors. In the 1979 to 1981 time
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period there was a miniDADTA conducted, which focused on
this outer wing problem. During 1981 to 1983, a more complete
DADTA was conducted. The results of these assessments led to
the recommendation that the outer wing panels of all aircraft
prior to Lockheed serial number 4542 be replaced with a new
lower-stressed H model outer wing that was designed and put
into production in 1984. During the period from 1984 to 1988,
all of the outer wings on the Air Force C-130s built prior to
Lockheed serial number 4542 were replaced. By 1993 fatigue
cracking problems were again appearing in the center wings on
certain versions of the C-130s assigned to the Special Operations
Command (i.e., HC-130N/P, AC-130H, and MC-130E). This
led to the initiation of a program to again replace the center wings
on these aircraft with new center wings, which contain design
improvements to accommodate the more severe use of this
command.

During the 1992 summer study of the SAB, which ad-
dressed the technologies to support the Air Force’s Global
Reach/Global Power Concept, the board’s Mobility Panel
reviewed the structural status of the airlift aircraft. With
regard to the C-130 they noted that the wings should not be a
structural problem in the near future because of the many
replacements that have been accomplished. On the other
hand, they also noted that the average remaining life of the
fuselage was quite low based on predictions made by Lock-
heed. Lockheed predicted an average remaining life for the E
model fuselages of about 10,000 hours, with that of the
high-time aircraft being considerably less. The aircraft were
typically accumulating about 700 to 800 hours per year. In
addition, the SAB pointed out that the validity of the estimate
was questionable because of the lack of good fatigue test data
(i.e., the full-scale fatigue test performed on the A model in
1956 consisted of only pressure testing to 20,000 cycles, and
there had been structural changes since then). They recom-
mended that the Air Force Matériel Command (AFMC) make
a detailed review of the C-130 fuselage life estimate to assess
if a new full-scale fatigue test was justified and what other
life-extension measures were needed.

Although this committee saw no evidence to indicate that
the Air Force acted on the SAB’s 1992 recommendation, in
March 1996 the Director of Logistics of the Air Combat
Command wrote a memorandum to AFMC Headquarters
requesting their assistance in updating the service life limit
for the C-130 fuselages, since they were reaching the life limit
projected by Lockheed. In response to this request, AFMC
put together an ad hoc team, consisting of representatives
from ASC/EN, Warner-Robins ALC, Wright Laboratories,
and the FAA to investigate the issue. This ad hoc team
identified five options for obtaining an improved estimate of
the service life limit of the C-130 fuselage:

1. A full-scale durability test (i.e., a full-scale fatigue
test), which simulated both internal pressure and ex-
ternal flight loads.
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2. A detailed tear-down inspection of a high-time C-130
operational aircraft to identify the possible onset of
WFD, critical areas, and corrosion problems.

3. A large panel fatigue test of the rear fuselage upper
crown skin area.

4. A detailed DADTA of the fuselage.

5. A combination of options 2, 3, and 4.

The team recommended option 5 as the most cost effective.
In addition, they recommended the continued enforcement of
the C-130 corrosion tracking program and the use of current
detection methods to search for corrosion and to develop
corrosion signatures of the C-130s at each programmed depot
maintenance to help determine trends in corrosion damage.

EF-111A

The EF-111A are F-111A aircraft produced by General
Dynamics that have been converted to electronic countermea-
sures tactical jamming aircraft by Grumman. The original
F-111 contract was awarded in 1962, and the first two proto-
type aircraft flew in 1964. The first production F-111A en-
tered service in 1967. The F-111As that were later converted
to EF-111As were built in the late 1960s. In 1975 Grumman
received a contract to convert two F-111As to EF-111A
prototypes. The first flight of an EF-111A with complete
electronic systems was in 1977. After four years of opera-
tional testing, the first operational aircraft entered service in
1981. A total of 42 EF-111As were produced, with the last
one delivered to the Air Force in 1985. There are currently 37
in the Air Force inventory. The average age of their airframes
is about 29 years and the average flight hours is about 6,000.
The current Air Force plan is to retire all of these aircraft over
the next four or five years and have the Navy assume the
mission using the Navy’s EA-6B aircraft.

The F-111 airframe has a significant amount of high-
strength D6ac steel in the wing carry-through structure, the
tail support structure, and the fuselage longerons (see Figure
A-9). Most of these components are heat treated to 220,000-
psi tensile strength with some heat treated to the 260,000- to
280,000-psi range. The remainder of the airframe structure is
fabricated mostly from aluminum alloys. The design load
factors (N, values) are -3 g to +7.33 g, and the original design
life goals were 4,000 flight hours and ten years of service. At
the time of the original design, the Air Force had not yet
developed and implemented damage tolerance design re-
quirements. The structure was designed with the so-called
safe-life approach using a Miner’s rule fatigue analysis. The
operational life was limited to that demonstrated by the full-
scale fatigue test reduced by a factor of four to account for
data scatter.

A full-scale static test program was conducted, and after
several local redesigns to correct strength deficiencies, the test
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FIGURE A-9 F-111 D6ac steel components.

was completed successfully. A full-scale fatigue test program
was initiated in 1968, with the entire program lasting about
six years. The program started using a compiete airframe test
article with the objective of completing four lifetimes of
testing or 16,000 test hours of a relatively severe block-type
spectrum. However, after only 400 cyclic test hours, the wing
carry-through box failed due to a manufacturing quality prob-
lem. As a result of the severe damage to the test article, the
test program was revised to continue testing on separate major
components (i.e., wing, fuselage, etc.) rather than the com-
plete airframe. Also, the test spectrum was revised and the
test goal increased to 24,000 test hours. Subsequent failures
of the wing carry-through boxes occurred at 2,800 and 7,800
test hours. As a result of these failures, taper-lock fasteners
were installed in the lower part of the box and some other
design changes were made. At 12,400 test hours, a failure
occurred at the wing pivot fitting. This failure resulted in the
development of a boron-reinforced composite doubler modi-
fication that was the first use of advanced composites to
reduce the stress levels in metallic aircraft structures (boron

Upper longerons (lower
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reinforcements were also used later on fuselage longerons on
the B-1 bomber). The wing then completed the 24,000 test
hours without any further significant events. The test was then
continued beyond the contractual requirements to 40,000 test
hours. At this point it was subjected to constant amplitude
cycling to the bending stress associated with a 5.8-g maneuver
load. Failure occurred in the aluminum skin splice to the pivot
fitting at 10,151 cycles. The horizontal stabilizers were also
subjected to 40,000 test hours and were found to be free of
fatigue cracking in a subsequent tear-down inspection. The
fuselage/vertical stabilizer article successfully completed the
contractually required 24,000 test hours, but failed in an upper
steel longeron at 28,800 test hours as a result of fatigue
cracking from a fastener hole. This area was modified and the
test continued to the 40,000 test hours.

Based on the conventional safe-life approach, the 40,000
test hours should have provided for 10,000 hours of safe
operational use using the scatter factor of four. However, in
December 1969 a F-111 experienced a catastrophic wing
failure during a pull-up from a rocket firing at Nellis AFB.
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This aircraft only had about 100 hours of flight time at the
time of failure. The failure originated from a fatigue crack that
emanated from a sharp-edged forging defect in the wing pivot
fitting. This failure graphically highlighted the fundamental
shortcomings of the safe-life approach (e.g., it would have
required a scatter factor of 400 rather than 4 to prevent this
aircraft loss). It was this failure that provided much of the
impetus for the Air Force to abandon the safe-life approach
and adopt damage tolerance requirements on all of their
aircraft in the early 1970s.

As a result of the Nellis accident, the Air Force convened
a special ad hoc committee of the SAB to investigate the
failure and recommend a recovery program. This committee
met with General Dynamics and the Air Force Systems Pro-
gram Office frequently over a period of 18 months in 1970 to
1971. Early on it was apparent to the committee that it would
be very difficult to protect the structural safety of the F-111
using conventional NDE methods because of the low fracture
toughness of the D6ac steel and the resulting very small
critical flaw sizes and the even smaller flaw sizes that must
be found to avoid more failures. This difficulty led the com-
mittee to recommend to the Air Force that every aircraft be
subjected to a fracture-mechanics-based low-temperature
proof load test, which would be repeated at periodic intervals
to be determined from the predicted rate of crack growth in
the individual aircraft based on its actual measured use ob-
tained from the IATP. This fracture-mechanics-based proof
testing concept had been developed and successfully used for
the pressurized structure in the Apollo space program as well
as in other missile and space efforts. The essence of the
concept is that, if the structure successfully survives the proof
test load, it could not have contained any flaws larger than the
critical sizes at that load level. It is then assumed that it did
contain flaws just smaller than the critical sizes at the proof
test load level, and to cause failure in service they would have
to grow to the critical sizes at the lower operational load
levels. The time for this to happen is then calculated for the
anticipated use spectrum using crack growth analysis proce-
dures, and the repeat proof test interval is established based
on this growth interval. To screen the smallest possible flaw
size, the F-111 proof tests were conducted at low temperature
(i.e., -40°F), where the fracture toughness of the D6ac steel
was lower than at room temperature. In effect, the proof test
is a destructive inspection procedure that culls out any flaws
that would cause an in-service failure.

Obviously, the desire of both General Dynamics and the
Air Force was to minimize the possibility of proof test failure
and the associated expenses and downtime. To achieve this
objective, they developed a magnetic rubber inspection pro-
cedure for detecting very small surface cracks in the steel
parts. It has been reported that the process is capable of
detecting surface flaws of 0.02 in. long with high confidence.
This inspection was conducted on the accessible critical areas
of the steel structures at their required inspection interval and
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prior to each proof test. In total, over 50 specific areas of the
aircraft are inspected with magnetic rubber at each depot
cycle. Over the years, fatigue cracks have been detected and
were subsequently repaired prior to proof testing in 25 differ-
ent areas of the wing carry-through structure, the wing pivot
fitting, the horizontal stabilizer support structure, the fuselage
station 496 nacelle former, the main landing gear support
structure, and in the fuselage structure. Nevertheless, proof
test failures have not been totally avoided. During the past 25
years, there have been 11 proof test failures. There have been
two EF-111As, four F-111As, two F-111Es, two F-111Cs,
and one FB-111A that failed during proof testing, thus avoid-
ing probable in-service aircraft losses. In fact, since the origi-
nal catastrophic failure at Nellis AFB in 1969, there have been
no F-111 aircraft lost due to structural failure.

During the late 1970s a complete DADTA was con-
ducted on the F-111, and the IATP was upgraded to a
program based on crack growth or fracture mechanics,
although the proof test intervals had been based on crack
growth from the inception of the proof test program. The
DADTA initially considered over 400 potentially critical
areas, which were subsequently scaled down to about 100
to be analyzed in detail. Currently, approximately 20 areas
of the structure are tracked and analyzed and result in
periodic updates to the force structural maintenance plan
and adjustments in the inspection requirements to account
for use changes and base reassignments. Although the first
repeat proof testing of the F-111A/E/D aircraft was set at
1,500 hours, this interval was increased to 3,000 hours for
subsequent proof tests based on the DADTA and force
tracking data. Currently, all of the EF-111As have been
proof tested at least three times and some four times.

The F-111 history truly represents a major success story
for the Air Force structural integrity program. This success
is not only the result of the NDE program, the cold proof
testing, the DADTA, and the IATP, but also the capability
and dedication of the engineers, managers, logisticians,
technicians, and inspectors at the Sacramento ALC and the
field-level maintenance personnel. Based on the failure
that occurred at Nellis AFB, the many failures encountered
during the full-scale testing of the aircraft and the extreme
sensitivity of the non-fail-safe structure to small flaws,
there was considerable skepticism in the early 1970s with
regard to the future structural performance of the F-111
force. Operating and maintaining this force for nearly three
decades without further losses due to structural failure has
been a significant achievement.

u-2

The U-2 first flew in August 1955 and was introduced in
operation in 1956. It was in service for about ten years when
the Air Force contracted with Lockheed for an improved
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U-2R in 1966. The first flight of the U-2R was in August 1967
and production deliveries started in 1968. In 1979 the U-2 line
was reopened, and in 1981 deliveries of U-2 and TR-1 aircraft
for the Air Force were started. The TR-1 differed from the
U-2 only in some of the on-board systems, and in December
1991 the Air Force decided to redesignate the TR-1 back to
the U-2. Currently, the Air Force has 35 U-2s in their active
inventory with an average age of 13.9 years; however, they
still have four aircraft older than 25 years.

Lockheed-Martin provides logistics support for the U-2
aircraft rather than the Air Force. The committee did not
receive a briefing on the structural status of the aircraft from
Lockheed-Martin representatives. However, the aircraft was
recently reviewed by the Air Force (ASC/EN) and they pro-
vided the committee with a summary of their findings. The
comments in the following paragraphs reflect these findings.

The U-2 was originally designed (for the intelligence
community) and operated before the formation of ASIP and
did not comply with all of the ASIP tasks. Also, there has
never been a damage tolerance assessment of the airframe
either as part of the original design or subsequently. There
was no full-scale durability (i.e., fatigue) testing and there was
no full-scale static test of the aircraft.

The recent review of the maintenance activity on the U-2
has not shown any evidence of fatigue cracking in safety-criti-
cal structure and very little in other structure. Also, there is
no evidence of any serious corrosion problems in primary
structure. The contractor has found a few isolated areas of
corrosion in some areas that were spot welded during the
original production of the aircraft. In general, the maintenance
of the aircraft has been good and the workmanship of high
quality. The wing is constructed of integrally stiffened alumi-
num with fuel transfer holes in the risers (similar to the
C-141). With prolonged use it might be expected that fatigue
cracking may initiate at the fuel transfer holes and at the riser
runouts such as that experienced on similar designs in other
aircraft. There has been some indications of distress in the
rear fuselage likely due to hard landings.

The Air Force believes that there is a need for a more-de-
tailed stress analysis of the airframe combined with a flight
test program to help identify critical areas and assist in the
development of flight-by-flight stress spectra for these areas.
They also believe that gust and ground loads will be the major
contributing factors in any future fatigue cracking in the
airframe. With a knowledge of the critical areas and the stress
spectra, the contractor could then make the crack growth
calculations, necessary to develop safety inspections and to
provide input to a service life estimate for the aircraft. This
total effort would then constitute a DADTA comparable to
that performed on the other major aircraft systems in the Air
Force inventory.

Although the Air Force sees no evidence to indicate that
the U-2 aircraft is approaching its life limit, the existing
database necessary to make any rational estimate of its future
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longevity is lacking. Considering the Air Force’s desire to
retain this aircraft in the inventory for another 15 to 25 years,
as indicated in Table 3-1 of this report, the committee believes
that it is prudent to perform a DADTA now (as suggested by
ASC/EN) before cracking eliminates the opportunities to
make economical life extensions and safety modifications
(e.g., hole cold working).

AIR EDUCATION AND TRAINING COMMAND
AIRCRAFT

T-37

The Cessna Aircraft Company was awarded the contract
for two XT-37 prototypes in 1953 and the first flight was in
October 1954. The first 11 production T-37s were ordered in
1954 and IOC was achieved in 1957. A total of 534 T-37As
were produced. The T-37Bs, which had higher thrust engines,
were first introduced in 1959. When production ended in
1977, a combined total of 1,272 T-37s had been produced for
the Air Force and foreign countries. As of September 1996
the Air Force stili had a total of 420 T-37s in their active
inventory. The average age of these T-37s is 34 years. They
are scheduled to be retired over the next 12 years and replaced
by the JPATS.

The T-37 is essentially a non-fail-safe static-designed
aircraft. Fatigue was not recognized as a serious concern by
the Air Force until the fatigue failure of the front spar of the
wing of an operational aircraft in 1968. This resulted in a
modification to the aircraft and the subsequent fatigue testing
of two full-scale wing and carry-through structures during
1968 to 1969. The remainder of the airframe (i.e., the fuselage
and empennage) was fatigue tested in 1972.

As a result of the full-scale fatigue tests, subsequent fa-
tigue analyses, and analytical condition inspection of opera-
tional aircraft, there have been five different fatigue
modifications made to the T-37B. One major modification to
the wing and forward carry-through structure and the canopy
rails was completed in June 1981. This was performed on
aircraft with over 5,000 hours of flying time. Another fatigue
cracking problem was at the front spar at wing station 46.1.
Testing to determine the need for modification of this area
was performed; however, the decision was made to inspect
rather than modify the area until the aircraft was replaced by
the T-46, which was scheduled later in the 1980s. This inspec-
tion was implemented in August 1983. The testing also re-
vealed a potential fatigue cracking problem with the wing
attachment lugs. This led to the development of a cold work-
ing technique, whereby a high interference-fit bushing was
installed in the lugs to retard fatigue crack initiation and
growth.

When the T-46 program was canceled in the mid-1980s, it
became apparent that a complete DADTA was needed for the
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T-37. This was performed by Cessna and was completed in
May 1988. Eighteen fatigue-critical areas were identified, and
safety limits and inspection requirements were established for
each. Because of the very short inspection intervals in some
areas, a special inspection/modification program called Pacer
Deep was performed. This program involved oversizing and
cold working fastener holes in several areas of the structure.
The objective of Pacer Deep was to ensure safe operations
until a structural life-extension program (SLEP) could be
completed. Saberliner Corporation and Southwest Research
Institute (SWRI) were contracted to develop the SLEP pro-
gram in 1989 with the objective of modifying the structure
such that the T-37Bs could be flown safely for another 8,000
hours. Saberliner Corporation provided modification kits, and
modifications were completed in 1994 by the Air Force on
537 aircraft. Full-scale static, fatigue, and damage tolerance
tests were performed on a complete aircraft, which contained
the modifications. The fatigue and damage tolerance testing
went to 32,000 cyclic test hours.

Also, during the 1990s SwRI has been conducting T-37
use surveys at several different Air Force bases (i.e., Ran-
dolph, Reese, Vance, and Columbus AFBs). In all of these
surveys, aircraft maneuver and control surface parameters
were measured along with selected strain gage measure-
ments. In addition, SWRI developed a computer program
that generates random flight-by-flight stress sequences for
all of the pre- and post-SLEP fatigue-critical locations.
These are then used as input to damage tolerance analyses
to establish safety limits and inspection requirements (in-
tervals) for the critical areas. SWRI is presently performing
a DADTA update that addresses the fatigue-critical areas
identified during the T-37 SLEP and those that were pre-
viously identified and not modified by the SLEP. A total
of 14 areas are being addressed.

T-38

The Air Force ordered three prototype T-38s from
Northrop in December 1956 and the first flight was in April
1959. The first production T-38s were delivered to the 3510th
Training Wing at Randolph AFB in March 1961. The produc-
tion of T-38s ended in 1972 after a total of 1,187 had been
built for the Air Force plus some for NASA and for foreign
military sales through the Air Force. Currently the Air Force
has 451 T-38s in the active inventory with an average age of
30 years. The range in flying hours is from 4,441 to 15,432
with an average of 12,234 as of November 1996. The primary
uses for the Air Force’s T-38s are in specialized undergradu-
ate pilot training and in introduction to fighter fundamentals
(IFF).

Structurally, the T-38 is very similar to the F-5A/B aircraft,
which was built primarily for foreign military sales. The
airframe is a single-load-path design made from 7000-series
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aluminum alloys, which was typical of other military aircraft
designed in the 1950s and 1960s. For example, the lower wing
skin was machined from a single plate of 7075-T6 aluminum,
which was 0.42 in. thick at the root trailing edge (i.e., wing
station 26; see Figure A-10). In 1970 there was a failure of
this lower wing skin on an F-5 stationed at Williams AFB in
Chandler, Arizona. It was caused by a fatigue crack, which
originated at the trailing-edge radius at wing station 26 and
grew to a critical size of about 0.20 in. at the time of failure.
As a result of this failure, the lower wing skins on the F-5s
were increased in thickness so as to lower the stresses by
about 20 percent, but, because of their less severe use in the
Air Training Command (ATC), no change was made to the
wing skins on the T-38s. However, by the mid-1970s there
was increasing evidence of potential structural problems with
the T-38 that led the Air Force to initiate a detailed DADTA.
Some T-38s had been moved from the relatively mild use of
the ATC to the Tactical Air Command’s more severe lead-in-
fighter (LIF) and dissimilar air combat training (DACT) use.
Also, because of the fuel shortages of the early 1970s, the F-4s
had been removed as the Thunderbird demonstration team’s
aircraft and replaced by the more fuel-efficient T-38s. Adding
to the concern was the fact that, in 1975, the wing on a T-38
at Holloman AFB was found to be cracked in the same area
as the aircraft in the 1970 accident at Williams AFB, but
fortunately the crack ran into another fastener hole and was
temporarily arrested. Also, there had been two fatigue test
failures originating in the same area. During the time of the
DADTA, an aircraft was lost at Randolph AFB due to a wing
failure that, again, originated in the same area. A short time
later, an aircraft assigned to DACT use was lost due a wing
failure.

In addition to the serious trailing-edge area already noted,
the DADTA identified 16 more potentially critical areas in
the wing, 15 in the fuselage, and 3 in the empennage. Also,
improved finite element stress analyses were performed on
the entire aircraft, and stress spectra were developed for the
critical areas based on measured LIF, DACT, and Thunder-
bird use and the improved analyses. Tear-down inspections
were performed on 11 wings with about 4,000 to 6,000 hours
of ATC plus 500 to 700 hours of LIF, DACT, or Thunderbird
use and on 3 wings that had been only in ATC use. These
inspections indicated that the wings that had been exposed to
the severe use had from 12 to 90 small fatigue cracks in the
high-stressed fastener holes in the aft in-board portion of the
wing, whereas those that had only ATC use were essentially
crack free. The damage tolerance analyses indicated that the
critical crack sizes in the aft in-board areas of the wing were
very small (e.g., less than 0.10 in. for low fracture toughness
7075-T6 aluminum), making the task of protecting structural
safety by inspection nearly impossible. It was apparent that
the long-term solution required replacing the lower wing skin
with a thicker lower-stressed skin made from a tougher ma-
terial. Also, it was recommended that the holes in the higher-
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FIGURE A-10 Original lower wing skin design for the T-38 aircraft.

stressed areas of the wing be cold worked. The near-term
actions included (1) culling out all wings that had low fracture
toughness material using a technique involving measuring the
chemical composition of the material and correlating it with
a previously established relationship between toughness and
chemical composition and (2) using a trained team of NDE
specialists to inspect the specific critical locations of the
remaining wings using an ultrasonic technique at very fre-
quent intervals.

Since the DADTA and the resulting recovery program in
the late 1970s, the lower wing skins have been replaced with
thicker skins made from 7075-T73 aluminum, the fastener
holes and drain holes in high-stressed areas have been cold
worked, and additional full-scale fatigue testing has been
performed. Also, the T-38s have been replaced by F-16s in
the Thunderbird demonstration team, and the Air Force no
longer uses the T-38 in DACT use and has replaced LIF use
with IFF use. However, the IFF use is still apparently quite
severe. Based on the briefing the committee received on the
T-38 structural status in November 1996, the aircraft continue
to have more structural problems, and further design changes
and full-scale fatigue testing are planned. Specific fatigue
cracking problems were identified in the current wings and
fuselage of the T-38:

26

Lower surface of the wing:

Wing main landing gear door land radius

— cracking into main skin not repairable

— modification of land plus special inspection re-
quired

— future design change

Lower wing skin fastener holes

— small critical crack sizes ( 0.2-0.4 in.)
— oversizing and cold working required
— future design change

Wing skin access panel holes

— D panel; aileron access panel

— cracking into main skin not repairable

— stop drill/special inspection (temporary)

— boron/epoxy doubler (temporary)

— forcemate bushings under study by the ALC

Milled pockets on the lower wing skin

— cracking in milled radius

— not repairable

— composite reinforcement under study by the ALC
— future design change
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Fuselage: — material/design changes
e Upper cockpit longerons — force-wide modification of bulkhead at fuselage
— hookslot cracking station 325
— small critical crack sizes — inspect and repair remaining changes
— low inspection intervals
~ material change/redesign The following honeycomb deterioration problems were
— force-wide modification in progress also noted:
In addition to the fatigue cracking problems, the San e Horizontal stabilizer
Antonio ALC identified the following SCC problems on the — core corrosion attributable to water intrusion
T-38: — improved bonding being implemented
Fuselage: ¢ Landing gear strut door
o Cockpit longerons — core corrosion attributable to water intrusion
— upper and lower longerons - superplastic formed/diffusion-bonded titanium
— 7075-T6 aluminum redesign
— cracking of the forward splice at fuselage station — current preferred spare
284
— inspect and repair (interim) Based on the above, it is apparent that the San Antonio
— material change/redesign ALC will continue to face a major challenge to protect
— force-wide modification of upper longerons the safety and prolong the service life of the T-38 for
— force-wide inspection/repair of lower longerons another 25+ years as indicated in Chapter 2 of this report.
Most of the cracking problems noted are safety-of-flight
¢ Fuselage forgings concerns. As noted in Chapter 5, the committee recom-
— bulkheads at fuselage stations 325 and 362; form- mends that this aircraft be given high priority in updating
ers at fuselage stations 332, 487, and 508 the DADTA and obtaining an improved estimate of eco-

— temporary repairs nomic service life.
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Charles F. Tiffany (chair) retired as executive vice president
of the Boeing Military Airplane Company where he was
responsible for the management of several military aircraft
programs. His expertise is airframe and propulsion structural
design and structural durability and damage tolerance. Since
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FAA'’s aging aircraft program and has served on the Technical
Oversight Group on Aging Aircraft and the Air Force’s
Scientific Advisory Board. He is a member of the National
Academy of Engineering.
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Mr. Briesch is the retired deputy director for requirements of
the US Air Force Materiel Command. He has 35 years of
experience in logistics management, program management,
engineering, and technology on major Air Force weapons
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Warner-Robins Air Logistics Center with responsibility for
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programs for the F-15, C-141, and the C-130.

Robert J. Bucci is technical consultant at the ALCOA re-
search laboratory. His expertise includes aerospace alumi-
num alloys, fracture, fatigue, and corrosion. His research
concerns in-service degradation of aluminum alloys, fatigue
and fracture processes, aging aircraft, materials selection and
characterization, and corrosion—fatigue interactions. Dr.
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Bucci’s recent work has concerned the prediction of mechani-
cal performance of aluminum structures with corrosion and
multiple-site damage.

Wendy R. Cieslak is manager, Materials Aging and Reli-
ability:Interfaces at Sandia National Laboratories. She is a
materials engineer with expertise in corrosion and electro-
chemistry. Dr. Cieslak’s interests include fundamental corro-
sion processes and corrosion chemistry and her research has
concerned electrochemical corrosion, passivation, and ad-
vanced battery development.

Eugene E. Covert is T. Wilson Professor of Aeronautics,
emeritus, at the Massachusetts Institute of Technology. Dr.
Covert’s research interests are in aircraft design and aero-
dynamics and he has broad expertise in the design and
operation of military aircraft. He served as chief scientist
of the Air Force and chair of the recent Air Force Scientific
Advisory Board study, Life Extension and Mission En-
hancement for Air Force Aircraft, that was a predecessor
of this current study. He is a member of the National
Academy of Engineering.
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Nondestructive Evaluation at Johns Hopkins University and
president of Materials and Sensors Technologies, Inc. Prior
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and Subsystem Engineering at Martin Marietta Laboratories.
His expertise is in materials science and engineering, non-
destructive evaluation (ultrasonics, acoustics, optical testing),
in situ and smart sensors, and advanced composite materials
and structures.

Charles E. Harris is chief engineer, Materials Division at the
NASA Langley Research Center. He is also the technical
manager of the NASA Aging Aircraft Research Program with
research in materials characterization and the mechanics of
damage in metal and composite structures. Prior to joining
NASA, Dr. Harris was professor of acrospace engineering at
Texas A&M University and a structural engineer at Babcock
and Wilcox Company. Dr. Harris has broad experience in
materials and structures, aircraft structural design, and aging
aircraft research.
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James W. Mar is professor, emeritus, in the Department of
Aeronautics and Astronautics at the Massachusetts Institute of
Technology. He retired as the Jerome C. Hunsaker Professor of
Acrospace Education. His expertise is in the design of aerospace
systems such as airplanes and spacecraft, with special interests
in structures, aeroelasticity, and materials. He has been a leader
in research in aerospace structures and in the use of composite
materials in aircraft structure. He is currently chair of the
FAA'’s Technical Oversight Group on Aging Aircraft and has
served as the Chief Scientist of the Air Force. Dr. Mar is a
member of the National Academy of Engineering.

J. Arthur Marceau is senior principal engineer in Boecing
Commercial Airplane Group’s Materials Technology organi-
zation. His experience has been in corrosion of commercial
aircraft structures, corrosion-resistant finishes, and structural
adhesive bonding. Mr. Marceau was responsible for the in-
spection and characterization of corrosion in aging commer-
cial aircraft (under Boeing’s Aging Fleet Survey Program)
and for the development of corrosion prevention and control
procedures for the existing fleet as well as design improve-
ments to avoid corrosion in new aircraft design.

Charles Saff is corporate fellow—concept design and devel-
opment in the Boeing Information, Space, and Defense Sys-
tems Group and is responsible for the development and
transition of materials and structures technologies into prod-
uct applications. His expertise includes materials selection,
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component design, and analysis of metallic, metal-matrix
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ods for structural risk assessment, failure analysis, and repair
of structures for several aircraft programs.

Edgar A. Starke, Jr., is Earnest Oglesby Professor of mate-
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processes. Dr. Starke has served on NASA’s Aeronautical
Advisory Committee, chaired NASA’s High Speed Research
Committee on Materials, and is currently a member of the
NRC’s National Materials Advisory Board. He is actively
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a member of the National Academy of Engineering.




