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The Role Of Corrosion In Aging Aircraft

Gerhardus H. Koch

CC Technologies, Inc.
2704 Sawbury Boulevard
Columbus, Ohio 43235

Timothy H. Bieri

CC Technologies, Inc.
2704 Sawbury Boulevard
Columbus, Ohio 43235

Abstract

A review is presented on the impact of corrosion on the structural integrity of aging
aircraft. Although corrosion has been recognized as a significant detriment to aircraft
structures, corrosion can also have a more insidious effect by interacting with and
promoting fatigue crack initiation and propagation in certain aluminum alloys. A possible
mechanism of fatigue cracking in corroded aluminum structure is discussed. An
argument is made for hydrogen embrittiement to be the controlling mechanism of
corrosion fatigue interaction in certain aluminum alloys.

Key words: Corrosion, fatigue, cracking, initiation, propagation, aging, aircraft.

Introduction

A significant part of the commercial and military aircraft fleet has reached or exceeded
its original design life. Corrosion of primary and secondary components has become a
major factor in determining the structural integrity and life expectancy of these
components. As traditional corrosion inhibiting chemicals are phased out because of
their hazardous effects on the environment, corrosion will become even more significant.
For example, it is anticipated that the military KC-135 transport fleet will not reach its
fatigue limit, but rather corrosion will limit the life of the fleet. In the civilian sector, the
effect of corrosion was evident from the post-accident investigation of the Aloha Airlines
Boeing 737 fuselage structure, following the incident of April 1988. Certain fuselage lap
splices, including the one where a 20 foot long fracture occurred during flight, were found
with severe corrosion.

Corrosion affects the structural integrity of aircraft in three ways. First, corrosion has a
direct effect on aircraft structures by metal loss which affects the strength and fracture
toughness of the material, thereby reducing the structural integrity of a component.
Secondly, corrosion can act simultaneously with mechanical loading resulting in cracking
phenomena such as stress-corrosion cracking and corrosion fatigue. Thirdly, a
phenomena that has been recognized only recently is that of the interaction between
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preexisting corrosion and fatigue cracking. This paper will discuss each of these effects
of corrosion on the structural integrity of aircraft.

Direct Effects Of Corrosion

Corrosion in aircraft manifests itself in several different forms.' Pitting and crevice
corrosion are the most common forms of corrosion in the 2000 and 7000 series aluminum
alloys which are the principle materials of construction. These forms of localized
corrosion can be very destructive by themselves, but also act as stress risers from which
stress-corrosion and fatigue cracks can initiate. Another common form of corrosion is
exfoliation corrosion. Exfoliation corrosion is a form of intergranular corrosion where
corrosion occurs along the grain boundaries of elongated grains and it often initiates at
unprotected end grains, such as fastener holes and plate edges. Unlike pitting and
crevice corrosion, susceptibility to exfoliation corrosion depends on alloy type, heat
treatment, and grain orientation. Fretting corrosion often occurs when two surfaces rub
at high frequency and low amplitude in the presence of a corrosive environment. This
form of corrosion is for example observed in fastener holes where there is minute friction
between the fastener and the wall of the fastener hole. The resulting damage often acts
as initiation site for stress corrosion or fatigue cracking. Finally, galvonic corrosion is a
common form of corrosion in aircraft structures, where dissimilar metals such as
aluminum and steel are in direct contact. This form of corrosion can easily be prevented
by isolating the different metals which can be accomplished by proper design and
assembly.

There are many contributing causes to corrosion of aircraft. The first cause lies in the
design of the aircraft and its components. Often, insufficient attention has been paid to
the basic principles of corrosion-conscious design such as the selection of corrosion
resistant materials, and the avoidance of dissimilar metal contact, crevices, stresses, and
pcor drainage. In addition, the selection of the finish and sealant system is an important
part of corrosion-conscious design. For example, in recent years the use of corrosion
inhibiting primers and corrosion inhibiting sealants in fastener holes and on faying
surfaces has become a more common practice. The elimination of crevices is now
required by faying surface sealing of all joints that are known to be prone to corrosion,
with corrosion inhibited sealants such as chromated polysulfate sealant. Corrosion
inhibiting compounds are now commonly applied in the final assembly of many aircraft
components, such as inside the fuselage crown and lower lobe, pressure bulkheads,
pressure deck, under lavatories and galleys, wheel wells, wing-empennage cove areas,
dry bays, empennage torque box interiors, and under fairings.

Furthermore, the post-accident investigation of the April 1988 accident with the Aloha
Airlines Boeing 737 indicated that cold bonded lap joints could not prevent penetration
of moisture. The moisture in the lap joint resulted in disbanding of the joint, which lead
to loss in load carrying capacity of the joint and eventually to multiple site fatigue cracking
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from the fastener holes. The lesson learned from this investigation was that only high
temperature cured adhesives should be specified for bonding structural components.

Faulty manufacturing is another source of corrosion. Specifically, the assembly and
finishing processes can determine whether a specific component will be subject to
premature corrosion. For example, of particular importance is the proper surface
pretreatment and application of protective coatings or sealants, which must offer long
term durability in order to provide adequate corrosion protection.

Finally, operating conditions can be an important contributor to corrosion of aircraft
components. Operational environments such as marine, tropical, high humidity, and
industrial can be very corrosive to the outside of an aircraft. Moreover, during operation,
the protective surface finish can deteriorate by chipping, scratching, breaking around
fasteners, abrasion and aging. Environmental conditions inside an airplane can even be
more damaging. For example, lavatory spillage, galley spillage, chemical spills,
condensation, animal waste, microbial growth, fire residue, and corrosive cargo such as
fish can create extremely corrosive conditions inside an airplane, and become a detriment
to the structural integrity of the airplane.

Environmentally Induced Cracking

The two main modes of environmentally induced cracking are stress-corrosion cracking
and corrosion fatigue. Stress-corrosion cracking of aluminum alloys results from a
combination of susceptibility of the alloy, grain orientation, and applied stress. When an
aluminum alloy is susceptible to intergranular stress corrosion cracking and the grain
orientation is such that the grain boundaries are perpendicular to the applied stress,
cracking will occur along the grain boundaries.

Particularly, the 2000 and 7000 series alloys in peak hardness heat treat condition are
susceptible to intergranular stress-corrosion cracking. Burleigh? concluded, in an
extensive review, that most researchers in the last decade consider stress corrosion
cracking of 7000 series alloys to be caused by a hydrogen embrittiement mechanism.
Gruh¥® correlated the solubility of hydrogen at the grain boundaries with the concentration
of zinc in solid solution. He found a linear relationship between zinc in solid solution and
time to failure. Thus, it is not surprising that stress-corrosion cracking of 2000 series
alloys, which do not contain zinc, is not considered to be caused by hydrogen induced
cracking, but rather to anodic dissolution of the solute-depleted zone along the grain
boundary, the grain boundary itself or the precipitates along the grain boundary.

Corrosion fatigue is the most common failure mode encountered in cyclically loaded
structures in aircraft. Much work has been conducted on the mechanism of this failure
mode. Like stress corrosion cracking, corrosion fatigue of the 7000 series alloys is
thought to be the result of hydrogen embrittiement. Duquette and coworkers*® have
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conducted extensive research to demonstrate this mechanism. They studied the effect
of cathodic polarization and catalyst poisoning of the hydrogen recombination reaction,
and based on results such as shown in Figures 1 and 2, they concluded that hydrogen
is indeed responsible for the reduction of fatigue strength of 7000 series alloys. Figure
4 shows that cathodic polarization of the aluminum alloy during fatigue cracking in an
NaCl solution significantly lowers the fatigue strength. At these cathodic potentials,
hydrogen ion reduction is the cathodic reaction and the hydrogen generated in that
reaction can be readily absorbed by the aluminum matrix. Moreover, when during fatigue
cracking arsenic (As) is added to the NaCl solution, the hydrogen re-combination reaction
to form H, is inhibited, again facilitating hydrogen absorption into the aluminum matrix.*
Fractography of specimens which are fatigue fractured under cathodic polarization further
showed that the initial fracture mode was intergranular, but that at longer crack lengths,
the fracture mode became transgranular with a significant amount of cleavage or quasi-
cleavage which is characteristic of hydrogen induced cracking.

Effect of Preexisting Corrosion on Fatigue Cracking

Damage tolerance requirements implemented about a decade ago state that cracks in
an airframe structure are permissible. Cracks may impair the strength of a structure, but
safety of the aircraft is ensured if the cracks are detected and repaired before reaching
the largest permissible size. This approach requires regular inspection based on crack
initiation and propagation data developed for new materials. Although the new material
based damage tolerance approach is accurate for new aircraft, this approach may be
questionable for older aircraft which have been exposed to corrosive environments. The
presence of corrosive environments has been typically dealt with by studying the direct
interaction between environment and fatigue cracking corrosion fatigue.

However, little work has been done on fatigue crack initiation and propagation in aged
or corroded airframe structures. Work by Chubb et al.” indicated that the effect of a
corroded area on a propagating fatigue crack is unpredictable. Depending on the alloy
type and heat treatment, a crack propagating through a corroded area could be
accelerated considerably. The acceleration will have a significant impact on the damage
tolerance approach, as is illustrated in Figure 3. Both the detectable and the permissible
crack length could occur in much shorter time, so that earlier detection and smaller
detection intervals may be required.

Preexisting corrosion can affect fatigue crack initiation as well as propagation. Each of
these interactions will be discussed separately in the following sections.
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Fatigue Crack Initiation

Fatigue crack initiation can be promoted by corrosion which creates a stress
concentration or an aggressive local environment. Aluminum alloys are subject to
different forms of localized corrosion depending on microstructure, heat treatment, grain
orientation and applied stress. These are pitting, crevice corrosion, exfoliation corrosion
and stress corrosion cracking. One of the most common forms of localized corrosion in
aluminum alloys is pitting corrosion, which is caused by localized breakdown of the
passive film. These pits can act as fatigue crack initiation sites by creating stress
concentrations and by creating an acidic environment inside the pit. Regardless of the
acidity (pH) of the bulk environment, the pH in the pit is determined by an hydrolysis
reaction:

AP* + 3H,0 - Al(OH), + 3H*

The pH values in the pit are generally between 3 and 4 when the aluminum alloy is
actively corroding in the cavity. Lower pH values can be found if the concentration of the
aluminum chloride that forms inside the pit increases as indicated in Figure 48,

AR+ + 3CI - AICI,

The aggressive nature of pit environments will promote fatigue crack initiation by either
the anodic dissolution mechanism or by the hydrogen embrittiement mechanism. If the
hydrogen ion is reduced to an hydrogen atom, it can either adsorb to the alloy surface
or form hydrogen gas. The nature of the oxide film in the pit may be a critical factor in
this process. Chemical or mechanical damage to the oxide film caused by corrosion and
stress allows hydrogen ingress. Because of the high hydrogen fugacity inside the pit,
hydrogen will be likely be absorbed by the susceptible alloy. Duquette® explained that
second phase particles in 7000 series aluminum alloys may act as sinks for dislocation
transported hydrogen. In light of the kinetic model of hydrogen transportation by
dislocations, first suggested in 1951 by Bastien and Azou'®, and in 1975 proposed by
Tien et al.'' and Donovan', cyclic loading will certainly enhance hydrogen entry into the
aluminum matrix. Smith et al.* demonstrated that corrosion fatigue of a high purity Al-Zn-
Mg-Cu alloy resulted in intergranular crack initiation with a shift to transgranular cracking
as the crack propagated. The intergranular crack morphology is similar to that observed
in stress-corrosion cracking.

Fatigue Crack Propagation
Little work has been done on fatigue cracking in aluminum alloys with preexisting
corrosion. Early work by Person' showed that pitting significantly reduced the fatique

strength of aluminum alloy 7075-T6. Chubb et al.” who studied the crack propagation
behavior of 7000 and 2000 series aluminum alloys through areas with exfoliation
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corrosion, found that cracks propagating in 7000 series alloys accelerated considerably
when reaching an exfoliated area, see Figure 5A. Fatigue crack growth data of a 2000
series alloy, however, indicated no significant effect of the exfoliated areas on the crack
propagation, see Figure 5B. These observations indicate that the mechanism of crack
propagation in precorroded components may be different for different alloys.

There is some indication in the literature that fatigue crack propagation in precorroded
7000 series aluminum alloys is caused by hydrogen embrittlement. However, other
factors such as increased stress because of metal thinning may also play a role in the
increase in crack propagation rate, and may in fact be the predominant mechanism of
interaction between corrosion and fatigue cracking in other aluminum alloys such as the
2000 series aluminum alloys. In support of an hydrogen embrittlement mechanism for
7000 series aluminum alloys, Smith et al.® demonstrated that the fatigue strength of
aluminum alloy 7075-T6 in air decreased significantly as a result of precorrosion in a NaCl
solution. Figure 6 shows the S-N curves for the aluminum alloy in air, in 0.5 NaCl,
precorroded in the NaCl solution and fatigue stressed in air and, precorroded heat
treated and fatigue stressed in air. The re-heat treating resulted in a partial recovery of
the fatigue strength, indicating that the lowering of the fatigue strength caused by
precorrosion is a reversible process. This behavior strongly suggests that fatigue
cracking in precorroded 7000 series aluminum alloys is predominantly a hydrogen
embrittiement process.

The mechanism of interaction between preexisting corrosion and fatigue crack
propagation in these alloys can be explained in terms of moving dislocations ahead of
the propagating fatigue crack. Once hydrogen atoms have formed at a localized
corrosion site, they can diffuse into the lattice and be trapped by inclusions such as Al-Zn
precipitates at the grain boundaries, or at stationary dislocations. When dislocations
become mobile and move along with a propagating fatigue crack, they strip hydrogen
atoms from the traps and transport them in a solute atmosphere. The velocity of a
dislocation transporting a hydrogen cloud was estimated by Tien'' to be:

v=M.F,
where M is the mobility of the hydrogen cloud and F is the force driving a dislocation.
This equation can further be developed to express the critical velocity above which the
dislocation will leave the hydrogen cloud behind. This critical velocity is then expressed
as:
D. Eg
KT - 30b

where D, is the hydrogen diffusion coefficient, Eg is the binding energy and b is the
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Burgers vector.
When comparing the time derivative of the critical velocity, or maximum diffusion distance

D, Es

X, = —1p
KT - 30b

with the diffusion distance due to random walk diffusion
.io - 4 v DH tD

it can be seen that moving dislocations can effectively transport hydrogen over a much
larger distance than the diffusion distance by random walk diffusion.

Thus, when dislocations move at velocities less than x_, the hydrogen will move with the
dislocations. The aluminum alloy can be locally enriched in hydrogen when the dislocation
loses its hydrogen cloud. This occurs when, for example, the dislocation speeds up and
exceeds the critical velocity, or when the disiocation is annihilated or reaches a stationary
sink. In this manner high concentrations of hydrogen can build up in the region ahead
of the crack tip, causing the crack to accelerate by a hydrogen embrittlement mechanism.

Conclusions

Based on discussions in this paper, it can be concluded that the effect of corrosion of the
structural integrity of aircraft component can be significant. The most common forms of
corrosion in aircraft are pitting, crevice corrosion, exfoliation corrosion, galvanic corrosion,
stress-corrosion cracking and corrosion fatigue. These forms of corrosion, which can be
extremely detrimental to the structural integrity of aircraft, can be controlled by proper
design, manufacturing processes, and operation and maintenance procedures.

In addition to having a direct effect on the structural integrity by means of metal loss and
cracking, corrosion also plays a more insidious role by promoting fatigue crack initiation
and propagation in some aluminum alloys. Specifically, it has been demonstrated that
in 7000 series aluminum alloys, fatigue cracks are accelerated when they propagate
through a corroded region. It was shown that the eftect of corrosion on fatigue crack
initiation and propagation of these alloys was likely controlled by a hydrogen
embrittlement mechanism. Hydrogen atoms that form at a localized corrosion site are
absorbed into the metal lattice and transported by mobile dislocations to the region
ahead of the crack tip, where they alter the microstructure causing the propagating
fatigue crack to accelerate. Finally, there is indication that this hydrogen embrittlement
mechanism may not apply to other aluminum alloys such as the 2000 series alloys.
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Further experimental work is recommended to confirm the mechanism of interaction
between corrosion and fatigue cracking in aged or corroded aircraft components. The
understanding of the interaction between preexisting corrosion and fatigue cracking is
necessary to develop better predictive capabilities on the fatigue life of corroded airframe
structures. Only then can a reliable damage tolerance program be developed for these
structures.

10.
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Hidden Corrosion - Needs & Requirements

P. K. Bhagat Ard G. L. Hardy
Materials Directorate
Wright Patterson AFB, OH

Abstract

Due to budget constraints, the Air Force will be operating its
current aircraft for ever-longer periods of time. Recent studies
have shown that corrosion related maintenance actions are costing
the Air Force over $700M annually. The Air Force identified the
need for hidden corrosion detection, prevention, and control
through the Logistics Need process in 1979. This report
summarizes the findings of Air Force research and development
efforts since that time and presents an approach to more
aggressively address corrosion detection and control. Current
Air Force efforts are being focused on a two-pronged attack. The
Logistics community is conducting an assessment of current
methods of corrosion detection and the Wright Laboratory is
aggressively pursuing any available new exploratory and advanced
development approaches for hidden corrosion detection.

Key terms: corrosion, hidden, detection, prevention
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Introduction

It is well known that military as well as civilian aircraft
operators use a significant portion of their repair and
maintenance budget on corrosion related issues. These include
costs attributed to corrosion detection, prevention, repair, and
control at both depot and field levels. A recent AF sponsored
study has concluded that approximately $718M per year can be
attributed directly to corrosion related issues on the current
inventory of operating military aircraft [1]. 82% of these costs
are for repair purposes. It is interesting to note that the
oldest aircraft KC-135, C-130, B-52, F-111, and C-141 account for
approximately half of the total cost. Numerous DoD sponsored
research and development programs dealing with inspection,
control, and prevention of corrosion have led to the availability
of a wide variety of newer materials and alloys, corrosion
protection schemes, and repair and maintenance methodologies.

During the period of expanding defense budgets with new systems
entering at the operational levels in a defined time frame the
harmful effects of corrosion could be managed without hampering
the fleet readiness. As the current fleet ages, without newer
aircraft entering the inventory, the deleterious effects of
corrosion become more severe in terms of readiness and quick
response. This is due to the fact that corrosion is a more
severe problem for older aircraft. Preventive maintenance and
repair actions require the affected system to be removed from
service for long periods of time. In most cases removal of skin
is required, which is an expensive and time consuming
proposition. Thus, the attendant cost of maintaining older
aircraft is substantially higher and increases dramatically with
age. Further, corrosion degrades the fatigue life of airframes
and, therefore, has implications related to life extension
issues.

There has been significant amount of research on stress corrosion
cracking and corrosion fatigue. Implications of corrosion thus
enter into life cycle issues since fatigue is accelerated by
corrosion. As a result environment related issues enter into
fatigue life computations. Even the use of advanced materials,
such as graphite composites, to replace metallic structures does
not alleviate environmental impacts on the aircraft. Concerns
about polyamide degradations due to galvanic corrosion effects on
structures have recently been raised [2]. In case of these
advanced materials, damage detection and reliability assessment
techniques are in a preliminary developmental stage. This
aspect related to advanced material inspection can become a

3019




significant factor as today's newer planes age and get corroded.
From the foregoing it should be apparent that the importance of

early detection, quantification, and prevention of corrosion can
not he overemphasized.

In the current era of reduced military budgets along with
increased environmental constraints affecting chemicals currently
in use for corrosion protection and control it is desirable that
a fresh assessment of corrosion related issues be undertaken.

It is, therefore, imperative that an intense effort encompassing
basic and applied research as well as technology and methodology
development be undertaken in order to contain corrosion costs and
maintain continued airworthiness of our aging fleet. As stated
earlier these efforts should be directed towards early detection,
localization, and quantification of corrosion.

One of the most vexing problems in the corrosion arena is that of
the detection and quantification of hidden corrosion. As
understood by the depot and field personnel this refers to
corrosion occurring in regions inaccessible due to structural
design constraints as well as that occurring beneath the visible
layer of aircraft skin. This problem, identified in the Air
Force as LN 79003, " Detection of corrosion in
hidden/inaccessible regions", has been a major driver in the AF
Materials Directorate(WL/ML) contracted research efforts since
1979 [3]. Programs instituted since 1979 have dealt with
corrosion inspection accuracy, repeatability, and identifiability
issues. One of the most likely areas for hidden corrosion to
occur is around fasteners due to damage to the protective
coating. Current requirements to eliminate the wet(coating with
primer) installation of fasteners will tend to exacerbate this
problen.

Current NDE methods are poor sensors for corrosion, since they
are based on the ability to detect area or volumetric flaws that
have significant dimensions in one or more directions. 1In
addition, most if not all of the current NDE technologies are
man-hour intensive. As a result hidden corrosion detection at
field level is a difficult and expensive proposition.

It is well known that the most reliable technique for detection
of surface corrosion is the venerable visual inspection.
However, visual inspections are difficult to implement for
corrosion that is hidden from view. The need to detect hidden
corrosion and the inability to quantify visual inspection have
led to a host of technologies which are instrument-based and
include eddy current, ultrasonic, and radiographic inspections.
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These techniques require loss of material to be effective and are
somewhat quantifiable and are an improvement over visual methods
for corrosion beneath material surface. In spite of the
availability of a wide choice of NDE technologies questions
regarding the accuracy and reliability of these technigues to
detect and quantify hidden corrosion remain. Efforts within the
Air Force to assess the applicability of these techniques as well
as those designed towards further development of promising
scientific ideas are detailed under ' Current Efforts °'.

I. Historical Background

Corrosion detection, prevention, and control issues have
historically been ignored in weapon systems development. The
older systems were manufactured with little or no concerns for
corrosion. Material selection was primarily predicated upon
reduced weight and improved mechanical properties and scant
attention was paid to the possibility of galvanic effects due to
proximity of dissimilar materials. Also airframe designs often
provided locations that entrapped corroding agents including
moisture. 1In addition these designs often precluded access to
corrosion prone areas. As a final blow, in the past, corrosion
related issues garnered lower priority than acquisition costs,
weight, appearance, operational readiness, and safety of flight.

II. Past Programs

The brief review here is concerned only with efforts related to
hidden corrosion detection and control since 1980. References
are mainly to programs developed and monitored by Materials
Directorate personnel. The initial response to LN 79003 was the
release of an RFP for a comprehensive exploratory development
program to address the problem of the detection of hidden
corrosion. Because the problem was described in broad general
terms, the responses to the RFP were found to be lacking in
defining a reasonable research effort. To more precisely define
the problem the Materials Directorate in 1983 held a workshop on
corrosion research and development. This DoD wide workshop was
designed to draw together key industry and government experts to
assess the status of the field. One of the key issues that
emerged was that detection of corrosion in actual aircraft
structures is complicated by geometrical constraints. Much of
previous efforts in this arena have, therefore, been directed at
matching specific inspection techniques to specific structural
geometries. It was also reported that current methods of
inspection for an operational aircraft in Air Force inventory
require over 1000 hours of disassembly, inspection, and
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reassembly for areas which can not be inspected in-situ. 1In
addition, significant damage was a necessary prerequisite for
reliable detection. It is also significant to note that from the
proceedings no single catastrophic accident can be attributed to
corrosion damage except where corrosion led to further cracking
of the material [10]. Detection and quantification of corrosion
without disassembly was listed as a high priority research and
development issue. The hidden corrosion inspection issue was
further divided as corrosion under paint, and inspection of
inaccessible areas. Use of indirect means of measuring corrosion
damage such as, paint property alteration, coating integrity
assessment, paint formulation, automated rapid inspection, field
usability, and quantification were reported as areas ripe for
further research and development funding. Lack of funding as
well as other priorities have precluded a substantial effort to
address all the needs and requirements raised by this workshop.

A Material Directorate program, " Corrosion Maintenance and
Experimental Design", was directed at assessing the impact of
corrosion related programs and to highlight the needed support
areas[8]. The major goals of this funded effort were to evaluate
corrosion inhibition effectiveness of aircraft rinsing and
corrosion prediction in an airworthiness model. The report
points out that benefits of aircraft rinsing/washing using
corrosion inhibitors have not been scientifically established.
It is suggested that a comprehensive airworthiness maintenance
model be developed which would include features of fatigue-life
prediction, NDE technology, reliability centered management, and
corrosion prediction capability. Corrosion prediction is not
readily embraced by field inspection personnel due to procedural
difficulties and the general inability to verify environmental
assumptions which greatly influence corrosion of an aircraft.
While corrosion initiation locations are randomly distributed
based on material and operational environment, its progress
follows well established laws of chemical kinetics. A
theoretical model is reported which can statistically predict the
number of aircraft in a fleet reaching a specified damage level
due to corrosion. The report recommends further development and
verification of this model in conjunction with ASIP.

Another Materials Directorate sponsored program," Corrosion
Detection System Design", addresses the development of NDE
techniques for locating and characterizing hidden corrosion in
aluminum alloy airframe structures. The techniques evaluated
were, real time x-ray, real time neutron radiography, and low
frequency eddy current. All these techniques were found to be
applicable in the detection of corrosion damage in the laboratory
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as well as on C-130 outer wing structure specimens. The report
concludes that real time x-radiography affords the best
combination of corrosion detection sensitivity and cost
effectiveness.

Beissner and Birring have recently carried out a state of the art
review of NDE methods for characterization of corrosion [9].

This report concludes that methods for detection of hidden
corrosion are not yet fully developed. These authors' also
point out the need for research to develop methods to measure
material degradation due to corrosion, and to quantify corrosion
severity.

As a result cf the Air Force Corrosion Tiger Team activities, a
broader perspective was gained on hidden corrosion {4]. The Team
developed the finding that some improvements in inspections for
hidden corrosion, in the near term, probably can be achieved
without the development of new NDE technology. The Team
recommendation was that the most promising approach is to more
precisely define the inspection requirements, as is currently
done in fracture control programs for our weapon systems. To
demonstrate the viability of this approach, each ALC was tasked
by the Tiger Team to pick at least one corrosion problem on a
system that they manage and focus the efforts of the local
Corrosion Control and NDI groups to arrive at a solution. 1In
response to Tiger Team recommendation, a new 6.3 program,
"Quantitative Requirements for Corrosion NDE," was proposed by ML
that would take a system-wide view of the same approach on
approximately six weapon systems and eventually generate a fleet
management practice for corrosion detection/ control patterned
after our current fracture control procedures. This is a much
broader effort than just NDE, involving a range of applicable,
available technologies. There is no current 6.3 funding for this
near-term effort, but ML is aggressively pursuing every avenue to
develop funds. Availability of future funding is unknown. It is
currently planned to conduct this effort as part of the FY95
program if no earlier funding becomes available.

III. CURRENT EFFORTS

Current efforts in the Air Force for assessment of aspects of
hidden/inaccessible corrosion are summarized below:

1. A program at OC-ALC(Don Neiser, Program Monitor)
with the major aim of disassembling an old KC-135 airplane to
provide realistic corrosion samples [5]. Industry and other
government agencies have been invited to employ existing
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technologies to detect and verify hidden corrosion. To date over
50 organizations utilizing NDE technologies ranging from eddy
current, ultrasonic, radiographic, and infra-red(IR) thermography
have voluntarily accepted this task at no cost to the government.
Major benefit to accrue from this program is that the
effectiveness and applicability of current NDE equipment to
detect and quantify corrosion on real aircraft samples can be
assessed in a controlled environment. Boeing is the prime
contractor for the disassembly effort which has the goal of
identifying all areas of complete corrosion and uninspected
damage locations addressed during Periodic Depot

Maintenance (PDM). ARINC is the prime contractor for NDE
experimentation effort which will try to identify appropriate NDI
technology using the disassembled C/KC-135 parts and geometries.

Among the other anticipated benefits of the program is the
possible availability of data, relating to crack growth rates and
effects of corrosion on airframe fatigue life on KC-135. This
data, can be extremely valuable for updating inspection intervals
defined under Aircraft Structural Integrity Program(ASIP). It
may be possible to develop maintenance actions/modifications,
based on results of this experiment, which may extend fleet life
to 2040. Other related goals of this program are to provide a
database for the development of corrosion control program, define
allowable corrosion damage tolerance limits, predict remaining
structural life of C/KC-135 aircraft.

It is generally known that results from cut-up of a KC-135 and
its inspection will not provide generic data for corrosion
control and prevention. In addition, the Air Force Corrosion
Program Office firmly states that prevention of corrosion will
lead to substantial savings. Current corrosion control programs
during PDM involve rework or replacement of corrode structure and
re-application of corrosion prevention materials. Early
detection and quantification thus may have substantial impact on
PDM funding and manpower requirements.

2. The Materials Directorate is actively pursuing
generic NDE technology science base programs which have the
potential to improve the capability for earlier detection of
corrosion. This implies detection of corrosion with no
significant loss of material. It cannot be overemphasized that
all of the current known methods for detecting hidden corrosion
require substantial material loss to occur before reliable
detection can take place. In this vein an (6.2 FY92) effort
between Air Force and Navy (Naval Air Warfare Center and AF
Materials Directorate) has been cooperatively funded to address
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one fundamental aspect of corrosion. This effort, "Hidden
Corrosion Characterization," will seek to develop practical
sensors for detection of corrosion in aircraft(6]. The program
envisions development of chemical sensors which can be applied to
aircraft structure via a paint based system. As corrosion
proceeds the optical characteristic of the sensor get altered,
thus identifying corrosion location in a visual manner. This
program also envisions development of micro-sensors that can
exploit the galvanic potentials generated as a result of
corrosion for remote assessment. This funded effort has shown
good promise in laboratory studies. The miniature moisture
sensitive sensors are envisioned for use in inaccessible regions.
The paint based system that displays altered optical
characteristics in presence of corrosion products is envisioned
as a visual inspection enhancer. It will allow the inspector to
quickly identify corrosion susceptible regions at an early stage.
Another funded (6.2 FY92) effort(Applied Physics Laboratory)
seeks to exploit InfraRed Thermal Wave imaging technology for
rapid assessment of corroded samples via exploitation of thermal
diffusivity mismatch [5]. If successful this technology will
provide rapid inspection capability inherent in IR methods for
wide area inspection in a nonintrusive manner. This method is an
outgrowth of AF(WL/MLLP) sponsored research in this technology
area funded over a number of years dedicated to developing
technology base.

Both of these approaches under Advanced NDE Technology Program
are grossly underfunded due to budgetary constraints and other
pressing issues in NDE research and development.

IV. PLANNED PROGRAMS

Several programs have been proposed in the near future towards
developing technology base in hidden corrosion detection and
characterization.

A new 6.2 FY93 effort will attempt to develop techniques and
methodologies for understanding and characterizing the
effectiveness of corrosion prevention/ protection systems with
time. For example a laboratory based study is envisioned where
controlled environmental parameters with respect to their effects
on integrity of coating protection systems will be documented.

A PRDA approach is planned for another 6.2 FY93 program to assess
the availability of applicable new and novel techniques for
characterization of hidden corrosion. A follow-on 6.3 progranm,
"Corrosion Detection System Dev/Demo," for the detection of
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hidden corrosion is planned for an FY95 start. This program is
based on the anticipated results to be accrued from the
fundamental science based efforts under 6.2 funding and related
generic programs.

Based on the results of a highly successful program in solid-
state x-ray detection, a 6.3 program was initiated in FY93 to
scale up this technology to provide an 8in X 8in view. The semi-
automated prototype is geared towards depot/field assessment of
airframe structure, and engine components degradation caused by
corrosion. Some of the anticipated highlights of this program
are spatial resolution approaching 20 lp/mm, dynamic range
exceeding 3000:1, and wide operating energy range.

Another 6.2 program in FY93 is to assess the applicability of
backscattered tomography(BIT) to corrosion detection and
quantification. This technology addresses the issue of
structural inspection in areas of limited access, single side
access. This program draws upon the results of technology
development establishing the feasibility of BIT for NDE of
structures.

There are several other technology programs such as laser
generated ultrasound, and eddy current technology for cracks
under fasteners(CUFS) that may have impacts on the corrosion
issue. A roadmap detailing these programs with timeliness is
shown in figure 1.

What is needed in the near term is a program to provide realistic
data related to managing the corrosion related maintenance and
repair issues of aging aircraft. This program should address
four basic needs in order to define the base line for further
research efforts. These are: where, when, how often, and how
well. Defining the most occurring sites on aircraft structure
for corrosion initiation should be done based on analysis of
available database related to service inspection of aircraft.
This database exists already for various aircraft in the Air
Force inventory. These defined locations then can be inspected
in a cost and time effective manner. The issue of when to
inspect the aircraft relates to aspects of coating protection
breakdown, corrosion initiation and growth rates related to
aircraft structure. Based on the above parameters the issue of
how often to insect the aircraft can readily be addressed.
Growth rates and present inspection capability related to
specific aircraft type could provide important information in
this regard. Accuracy of a particular NDE technique to quantify
corrosion needs to be compared against cost and man hour
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requirements. This data can provide a basis for future programs
in corrosion detection, prevention, and control.

V. HIDDEN CORROSION PROGRAM; NEEDS AND REQUIREMENTS

It is apparent from the foregoing that efforts in detection,
prevention, and control have been inadequately funded and
coordinated across the Air Force. In addition there has been
little or no coordination between various units within the Air
Force on issues related to science base technology development
and its eventual transition to field use.

The issues in development of a comprehensive program in corrosion
detection, prevention, and control are:

A. Organizational
B. Research and Development Plan
C. Prevention and Control Program

Each of the above is discussed in the following:
A. Organizational

A centralized working group with technical representation from
corrosion, structures, and NDE areas and responsibility for
coordinating research and development efforts should be
established. This group should include representatives from the
Air Force corrosion control, and the NDE program office as well.
Membership in this organization should also include Air Force
Office of Scientific Research(AFOSR), Air Force Materials
Directorate, Air Force Flight Dynamics Directorate, Air Logistics
Commands, the operating commands, depot and field level personnel
representative. In addition mechanism for interfacing with other
government agencies such as, Army, Navy, FAA, and NASA should be
available so that corrosion funds can be maximized for effective
use. An interface with commercial aviation industry, possibly
via FAA could provide a powerful organizational structure to
effectively manage corrosion related programs.

B. Research and Development Plan
Figure 2 shows a comprehensive research and development program
which addresses all issues related to hidden corrosion detection,
prevention and control.

1. Corrosion Science. Corrosion basic research related to
corrosion under skin surface funded perhaps via AFOSR should
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corrosion under skin surface funded perhaps via AFOSR should
address the science base issue of providing further understanding
in the technological developments needed for corrosion prevention
and control. Analytical and quantitative corrosion investigation
encompassing both basic and applied research should be initiated.
These will address issues such as mechanisms responsible for
corrosion and its quantification. Research in the development of
corrosion resistant materials is an important issue. Corrosion
assessment for the advanced material in aircraft structures
should also be studied with a view to developing measures for
corrosion prevention. Ability to predict rate of corrosion
progression and its validation is another important research area
with important implications on aircraft service life.

Development of environmentally safe paint and paint stripping
systems is an important subject related to future maintenance and
cost containment of operational aircraft.

New materials such as layered organic composites which are quite
sensitive to environmental and service factors need to be studied
for corrosion related issues. The major issue in this instance
is to establish structural reliability under corrosive damage and
stress. Structural defects and in-service degradation of such
materials are difficult to detect and monitor with conventional
NDE technology.

Quantification of effects of corrosion on electronic components
and systems as a result of various chemicals being used for
corrosion control is another important area of concern with
aircraft in-service. Environmental aspects relaited to corrosion
should be documented from readily available research data and
publications. Corrosion standard samples should be developed so
that accurate assessment of developed NDE technologies for
detection and quantification of hidden corrosion can be
undertaken.

2. NDE Science. Conduct basic and applied research related
to hidden corrosion identification, and quantification in both
laboratory samples as well as actual structures. NDE technology
development geared to reduction in the cost of inspection and
man-hour requirements can also be undertaken. Assessment of
repair viability via NDE technonlogy is another important area of
concern. Reliability and accuracy of quantification of corrosion
damage needs to be established.

Research in established NDE technology for assessment and

gquantification of hidden corrosion should strengthen current
programs in the areas of radiography both x-ray as well as
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neutron radiography. Real time radiography has the potential to
reduce the time required for inspection and evaluation
significantly. In addition the development of film free
radiography and the possibility of digital image acquisition may
provide a quantum leap in further usability of this technology.
Research in issues related to further enhancing the capabilities
of neutron radiography in terms of source flux and subsequent
detection may yield dividends in this hydrogen specific detection
and quantification process. Further research is needed in the
establishment of IR based methods for rapid assessment of
corrosion infested areas on aircraft structures. All these
technologies require development of image and signal
interpretation capabilities to unambiguously define corrosion
related damage in structures.

Further research is needed in the development of chemical and
electrochemical sensors which are specific to corrosion and their
eventual implementation in operational fleet. These sensors are
envisioned for use in coatings and hidden/inaccessible areas of
structures for in-situ detection and monitoring of material
damage due to corrosion.

Integrity assessment of coating and paints used for corrosion
retardation and control is another area where research and
development techniques are needed.

3. Structural and Fatique Mechanics. Documentation and
further research in structural and fatigue aspects of material

degradation with emphasis on corrosion need to be undertaken.
Research and development issues in this area are: Stress
corrosion propagation rates, environmental aspects, corrosion and
structural strength, fatigue life cycle analysis. Studies of
damage assessment in advanced materials and its correlation with
corrosion should enhance the understanding and implications in
this technology area.

While aluminum dominates the aging aircraft structures, studies
related to hidden corrosion shoulc¢ encompass all types of
material structure and components such as: Aluminum and magnesium
structure, honeycomb and composite structure, engine and
electric/ electronic component.

Trade off studies of various structural alloy systems relating
specific modulus and strength to corrosion resistance should
provide important information relating to life extension issues
in replacing corroded/degraded components.
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4. Corrosion Prevention and Control. A systematic attempt
at reducing the costly and man-hour intensive corrosion related
damage should have corrosion prevention and control as a major
factor. In this vein studies related to efficacy of preventive
measures such as the use of corrosion prevention chemicals,
identification of corrosion susceptible regions on aircraft
structures, material selection and fabrication related to
corrosion resistance are important parameters. Degradation of
preventive coating systems through environmental and service
related causes needs to be quantified.

Another important aspect to managing and extending aging aircraft
service life is the development of aircraft specific corrosion
data base. This should include development of a corrosion
documentation system obtained from aircraft invasive disassembly
and analysis. In addition 'corrosion lesson learned' should be an
important parameter in studies related to aircraft life extension
analysis.

VI. Summary

In summary, the Air Force research and development community is
directly involved in understanding and developing new approaches
to detect and control hidden corrosion. Early identification of
the deleterious effects and cost of corrosion, and the extreme
difficulty of detection before significant materials loss occurs
led to a variety of developmental efforts. The current logistics
and research and development apprcaches being pursued by the Air
Force will have to be enhanced if significant inroads can be
hoped for in reducing the overall extremely high cost of
corrosion to the Air Force. T