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CORROSION DETECTION TECHNOLOGIES
SECTOR STUDY

Abstract Summary:

Detection of corrosion has become a high priority amongst the Services in the U.S., Canada, and
Australia. As defense budgets have declined, the acquisition of new weapon systems and the
number of military personnel has also declined. The Services need to extend the life of existing
defense systems while ensuring the safety of these systems. Detecting and repairing corrosion
problems early on will help them to accomplish this objective.

Corrosion directly effects mission readiness, life extension, safety and economic life. It costs the
defense community billions of dollars per year. Many corrosion conditions are hidden from view
and difficult to detect, image and interpret accurately, especially in aircraft. Currently, there is
insufficient technology to predict and/or monitor the rate of propagation.

The study identifies and assesses the maturity and applicability of corrosion detection
technologies (visual, eddy current, ultrasonic, radiography, thermography) to accurately pinpoint
and cost effectively detect corrosion problems found in defense systems. It highlights the
benefits of each of the corrosion detection technologies and examines current defense and
commercial activities, as well as international activities, related to corrosion detection technology
development and use. It addresses the technological and policy/fiscal barriers preventing the
adoption and/or implementation of certain corrosion detection technologies. The report provides
aroadmap of recommendations for government and industry to more fully capitalize on the
potential of corrosion detection technologies.
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DISCLAIMER

The mention of specific products or companies does not constitute an endorsement by
BDM, the U.S. Government, the Canadian Government, or the Australian Government. Use of
the information contained in this publication shall be with the user’s understanding that neither
BDM, nor the three Governments, by the inclusion or exclusion of any company in this
document, provides any endorsement or opinion as to the included or excluded companies’
products, capabilities, or competencies. The list of companies contained in this document is not
represented to be complete or inclusive.
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FOREWORD

In February 1996, the North American Technology and Industrial Base Organization’s
(NATIBO) Steering Group commissioned a study of corrosion detection technologies and their
implementation throughout North America’s defense and commercial industrial bases.

This report provides the results of the study of corrosion detection technologies, which was
conducted between March 1997 and March 1998. It gives a complete and thorough analysis of
present and emerging corrosion detection technologies and the industry outlook for these
technologies; highlights land, sea, and air applications of corrosion detection technologies;
identifies corrosion detection proponents, equipment developers, and researchers in government,
industry, and academia; and pinpoints barriers and impediments blocking the expansion of
corrosion detection technologies into the industrial base. From this analysis, the report provides a
roadmap of recommendations for government and/or industry action to eliminate barriers and
address issues hindering more widespread use of these technologies.

This report was prepared for the NATIBO by BDM Federal, Inc. (BDM), 1501 BDM Way,
McLean, VA 22102.
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ES.1. EXECUTIVE SUMMARY

ES.1.1 Introduction

The North American Technology and Industrial Base Organization (NATIBO) undertook
this corrosion detection technologies study to assess the industrial base, maturity, level of use,
utility, and viability of corrosion detection technologies for land, air and sea applications. From
this analysis, conclusions regarding these technologies and their further commercialization are
discussed. The recommendations addressing these conclusions are then provided for potential
future action. Joining the NATIBO in this effort for the first time is the Australian Department
of Defence.

ES.1.2 Technology Overview

ES.1.2.1 Corrosion Fundamentals

Corrosion of metal in military systems is a highly complex phenomenon and takes many
different forms. The result of all corrosion is the loss of strength of the material and the structure.
Understanding the various forms and combinations of corrosion is essential to determining the
importance of each and to finding the most appropriate technologies for detection and
characterization of corrosion.

The following table summarizes the types of corrosion that can damage structures and their
characteristics.

Table ES-1. Corrosion Types and Characteristics.

Corrosion Cause Appearance By-Product
Type

Impurity or chemical Localized pits or holes with | Rapid dissolution of the

discontinuity in the paint cylindrical shape and base metal
or protective coating hemispherical bottom

Crevice Afflicts mechanical joints, | Localized damage in the Same as scale and pitting
such as coupled pipes or form of scale and pitting
threaded connections.
Triggered by local
difference in environment
composition (Oxy gen
concentration)
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Corrosion Appearance By-Product

Galvanic Corrosive condition that Uniform damage, scale, Emission of mostly
Comosion | results from contact of surface fogging or tarnishing | molecular hydrogen gas
different metals in a diffused form

=

The various processes of corrosion are affected by several factors. Among these are the type
of material selected for the application, the heat treatment of the material, the environment of the
application, and the presence of any contaminants in the material itself.

ES.1.2.2 Corrosion Detection Technology Areas

Corrosion detection is a subset of the larger fields of NonDestructive Evaluation (NDE) and
NonDestructive Inspection (NDI). Many of the technologies of NDE/NDI lend themselves to
the detection, characterization and quantification of corrosion damage. The following table
summarizes the major advantages and disadvantages of the primary corrosion detection and
characterization technologies. ‘

Table ES-2. Summary of Corrosion Detection NDE/NDI Technologies.
Technology Advantages Disadvantages

i

Enhanced Visual |« Large area coverage ¢ Quantification difficult
* Very fast * Subjective - requires experience

» Very sensitive to lap joint corrosion | * Requires surface preparation

* Multi-layer
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Technology Advantages Disadvantages

Ultrasonic * Good resolution » Single-sided
* Can detect material loss and * Requires couplant
thickness « Cannot assess multiple layers
* Low throughput

Thermography » Large area scan » Complex equipment
* Relatively high throughput e Layered structures are a problem
* “Macro view” of structures * Precision of measurements

The study team encountered a great variety of technologies in various stages of maturity.
These technologies are being pursued in university research labs, industry R&D programs and
government laboratories. Table ES-3 below summarizes the observed trends in the directions that
the various technologies seem to be headed, based on the research and site visits performed in the
generation of this sector study.

Table ES-3. Corrosion Detection Technology R&D Trends.
Technology Observed Trend

» More sophisticated signal and data processing (pulsed
eddy current, C-scan imaging)

« More sophisticated sensors (multi-frequency)
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Radiography » Single-sided methods (backscatter)

» Three-dimensional image processing (computed tomography)

Techn

Robotics and Automation » Attached computer-controlled positioning mechanisms
« Gantrys (multi-axis) ’

» Crawlers (including vertical and inverted surfaces)

Sensor fusion « Currently only attempted within a single technology
(e.g., eddy current, infrared)

* No observation of research into combining two different
sensors into a single probe for simultaneous measurements

We note that it is also very important to know that corrosion does not exist. If deep
corrosion could be detected reliably and efficiently, the substantial costs associated with
teardown inspections would be dramatically reduced. Maintenance plans typically call for
teardown of certain structure to determine their condition. If an NDI method could accurately
determine the level of corrosion, including the probability that there is no corrosion present, then
the huge costs asssociated with teardowns could be avoided. This would support the concept of
condition based maintenance by providing an accurate assessment of the condition of the system
in question.

ES.1.3 Technology Applications

The areas where corrosion occurs, the materials in which it occurs, and the conditions under
which it occurs all combine to make the inspection for and detection of corrosion a very difficult
matter. All defense systems experience some sort of corrosion and there are certain known
problem areas for land, air and sea applications. The typical process of finding and identifying
corrosion begins with visual inspection. Clearly, any damage that can be observed by visual
means will require closer inspection. Field inspection by other means usually entails eddy current
and/or ultrasonic inspection. These types of inspections can generally be accomplished during
routine maintenance without impacting operational availability. If additional inspection is
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determined to be necessary, it is normally done by specialists under controlled conditions, such
as in a protected space or in an NDI laboratory.

ES.1.3.1 Corrosion Costs

Combined, the defense establishments of the three NATIBO sponsor countries - the U.S.,
Canada, and Australia - expend on the order of $2.1 Billion per year on corrosion related
activities and equipment. These costs could be reduced with better NDE/NDI and corrosion
detection technology, and productivity improvements in the maintenance areas. The magnitude of
these expenditures would make the area of corrosion detection, characterization, and prevention a
tempting target for future R&D.

One interesting point that was uncovered during the costs analyses is that the cost per
aircraft for most types, and especially for large aircraft, has increased dramatically in the past
seven years. The general trend, as would be expected, is that as aircraft age, the relative cost of
maintenance and repair attributable to corrosion increases significantly.

ES.1.3.2 Corrosion Detection Technologies R&D and Application Activities

There are a number of different research and development activities ongoing in the field of
corrosion detection technologies. A major thrust of the research being conducted is for detecting
hidden corrosion in aircraft. The military is considered the primary corrosion detection
technology driver. This is due in part to the fact that military systems typically are fielded
longer, have higher cycle rates and operate in more corrosive environments than commercial
systems. And with the continual decline in defense spending, the service life for defense systems
will be extended even longer with a consequent focus on reducing maintenance costs for these
existing systems.

As systems age, corrosion becomes one of the largest cost drivers in life cycle costs of
weapon systems. Technology has been identified as one of the primary means of reducing the
impact of corrosion on weapon systems. Throughout the military, corrosion is regarded as less a
safety or technical issue but rather more of an economic issue. This is because the corrosion
problems encountered by the military in their defense systems has been detected and repaired
before it could become a safety problem. Currently, corrosion prevention is a higher priority
within the military sector. The DoD S&T community is researching a number of different
technologies to achieve corrosion reduction in defense systems.

Within the United States, the USAF is considered to have the largest corrosion detection
technology development program among the three Services. The Navy has the largest monetary
investment in corrosion research. The Navy is also considered to have the best corrosion
maintenance and training practices. The DoD, NASA, and FAA have all established Aging
Aircraft Programs to address such key problems as corrosion prevention and detection.

The Canadian Department of National Defence (DND) has several different departments and
laboratories researching corrosion detection and corrosion prevention technologies. These groups
are extremely effective in coordinating their research activities. A predominant focus of their
research is on corrosion prevention and detection in aircraft. The AVRD/E Structures and
Materials Group oversees R&D efforts in corrosion prevention and detection.
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The major Australian DoD research arm involved in studying corrosion detection technologies
is the Defence Science and Technology Office. The Office has a number of divisions addressing
different corrosion issues and technologies to employ to detect and correct corrosion. There is a
high level of coordination between these divisions. The main focus of their work is on aging
aircraft as well.

ES.1.3.3 Corrosion Detection Technology Industry Demographics

Corrosion detection is one small niche market of the NDE/NDT industry. NDE/NDT
equipment suppliers and service providers are not dependent upon the corrosion detection
market for their livelihood. In fact, the NDE/NDT end user industries run the gamut, including
defense aerospace, commercial aerospace, automotive, shipbuilding, chemical/petrochemical,
construction infrastructure, electronics/electrical, energy (utilities), ordnance, and railroad.

The industry outlook for each of these technologies varies as does the industrial base
supporting development of them. However, the NDE/NDT equipment suppliers are very
amenable to custom adapting their equipment for specific applications for a fee.

The industrial base for visual, ultrasonic, and eddy current equipment is relatively stable.

The base for film-based radiography equipment has been dealt some setbacks in recent years
as film use is on the decline with the emergence of real-time radiography, military cutbacks, and
user concern with environmental impacts of film processing. The number of major radiographic
film suppliers has decreased from four to three, with competition fierce among those remaining
fighting for market share in an ever shrinking market.

Non-film based radiography suppliers market is in a state of flux. The market for radioscopy
systems has declined due to military cutbacks. However, in response to this, suppliers have
branched out to other commercial markets such as the automotive and the electronics industries
to shore up their marketplace stance. And, with the development of portable radioscopic
systems, new uses for this technology have opened up, such as in-field inspections of pipelines
and aircraft.

The number of thermographic equipment and service providers is expanding from a handful to
a larger number as the technology matures.

ES.1.4 CONCLUSIONS

ES.1.4.1 Facilitators
ES.1.4.1.1 Heightened Awareness

Due to the 1988 Aloha Airlines incident and the Military Forces’ need to extend the service
life of military systems three to four times their original design life, there is heightened awareness
to the issue of corrosion and how it is a key contributor to system failures and a driving factor in
terms of safety, downtime and costs. This need has been underscored by shrinking defense
budgets, reduced procurements of new equipment, and increased reliance on modifications and
upgrades to current systems.
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ES.1.4.1.2 Established Working Groups

There are a number of established associations and working groups addressing the issue of
corrosion, both within North America and internationally. The U.S., Canadian and Australian
Governments also coordinate on their research in the field of corrosion detection technologies via
the Corrosion Sub-Panel of the Technology Panel for Advanced Materials (part of Project
Reliance).

ES.1.4.1.3 New Emphasis on Cost Effectiveness/Condition Based Maintenance

As a cost savings strategy and to eliminate the need for unnecessary maintenance, the
Services are moving away from routine maintenance where components are replaced based upon
length of time in service rather then real need. They are instituting programs where components
are replaced based on their condition rather than to conform to a given time-in-service. This move
to condition based maintenance will provide incentives to employ newer, more efficient corrosion
detection techniques so that personnel will be better able to pinpoint the extent of their corrosion
problems and its effect on the structural integrity of the system.

ES.1.4.2 Barriers
ES.1.4.2.1 General Barriers

ES.1.4.2.1.1 Data Not Readily Available

While collecting data for this study, we discovered that recently published NDE/NDT and
corrosion detection reports are not showing up in DTIC, Dialog and other literature searches.
Most of the publications that are in these databases are dated. Also, in trying to gain data from
the depot/field level in regard to maintenance and failure analysis and the role of corrosion in the
need to repair and replace parts, it became apparent that this type of information is not easily
obtainable and, hence, is not given the visibility it needs at different levels to ensure that these
recurring corrosion problems are effectively communicated and that procedures are put in place
to rectify the situation. This was true also in the case of trying to quantify the cost of corrosion
to defense systems. There is no uniform equation or standard economic model developed of the
elements for determining the corrosion costs (though Warner Robins has released a 1998 report
that breaks these elements down for aircraft). In a recent development, Tinker Air Force Base has
initiated (late 1997) a project to establish an Aging Aircraft database.

ES.1.4.2.1.2 Research is Dispersed

There are a number of different research organizations conducting studies in the area of
corrosion detection technologies. However, these groups are widely dispersed within DoD,
DND, and the Australian DoD, reducing the visibility of the work being performed. Until
recently, there was not a great deal of coordination in the U.S. between these different groups,
especially outside of their respective Services, though more coordination has been initiated
between these groups as of late. The Canadian and Australian organizations are more effective in
communicating their research results within their countries; however, all three countries could
benefit by increased coordination and sharing of findings between their research communities.
And, there appears to be a disconnect between the operators and the R&D community. The
R&D community is focusing on 6.1 and 6.2 research whereas the operators are conducting
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program specific research, and there does not seem to be effective communication occurring |
between the different groups.

ES.1.4.2.2 TECHNOLOGY BARRIERS

ES.1.4.2.2.1 Need for Newer Techniques Not Widely Recognized

The general impression that was formed through the numerous site visits conducted by the
research team was that most users are satisfied with current techniques. Commercial users are
wont to invest in additional corrosion detection technology that cannot be clearly justified in
economic terms. Overall, they are satisfied that current technologies and techniques have served
to prevent catastrophic losses. They are not informed as to the potential for reduced maintenance
and repair costs that could be realized through improved corrosion detection technologies and
techniques. There is agreement that the direct and indirect costs of corrosion are substantial; there
is not agreement that these costs can be substantially reduced through further investment in
corrosion detection and quantification technologies and tools. This dichotomy is best described as
a “cost-benefit” question typical of the application of new technologies to existing problems.
Particularly in the commercial arena, there is a sense that improved corrosion detection
technologies would lead to additional and, in many cases, unneeded maintenance actions.

ES.1.4.2.2.2 NDE/NDT Technologies Developed for Applications Other Than Corrosion

The first concern of structural and materials engineering has been the detection and
characterization of defects that can be adequately modeled and therefore predicted; i.e., cracks.
NDE/NDT technologies have evolved to support the science of fracture mechanics, a discipline
that is now highly developed and quite reliable in predicting the life of complex structures in
known cyclic loading environments. These technologies, notably eddy current and ultrasonic,
have proven useful for detecting and characterizing the material loss caused by corrosion.
However, this is after the fact. The difficulty, and near impossibility, of predicting corrosion has
pointed the work in detection technologies more toward detection of cracks than detection of
material loss due to corrosion. The fact that corrosion is caused by many interacting processes
contributes to this situation.

ES.1.4.2.2.3 Efficiency/Reliability of Newer Techniques and Cost/Benefits Not Well Established

The transition of a new technology from laboratory to field application is difficult. The
government has been able to invest in some of the more sophisticated technologies (such as
neutron radiography) that would be beyond the reach of commercial enterprises, airlines for
example. Typically, a new technology that has been developed in a laboratory is commercialized
by a small company, often a start-up. Basically, the marketplace determines the success or failure
of a particular technology through customer determination of the cost-effectiveness of each new
offering. Without some history that would support improved cost-effectiveness, a new
technology or technique faces a large hurdle to implementation on a wide basis.

ES.1.4.2.24 Safety Concerns About Radiography Techniques

Although radiography is perhaps the most precise of the corrosion detection, and especially
corrosion quantification, technologies, it presents the most serious hazard to the users. Indeed, in
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many jurisdictions radiographic facilities and operators are required to be licensed. Field
operation of x-ray equipment requires that personnel be kept at some distance from the radiation
sources. The emphasis on worker safety and concerns for liability judgments serve to impede the
wider implementation of radiographic techniques.

ES.1.4.2.2.5 Thermography Perceived as Not Effective or Reliable

Thermography depends on operator interpretation of how an image of the structure in
question differs from an image of a perfect or, at least, acceptable, structure. Thus, for every
image produced, there must be a means to compare that image against that of a similar undamaged
structure. Combined with the fact that thermographic images are somewhat “fuzzy” compared to
other imaging techniques (visual, radiographic, etc.), many users remain skeptical of the precision
and reliability of thermography as a corrosion detection technology. This is due to the fact that
thermographic images are captured by IR cameras that are made up of an array of detectors, each
detector contributing one pixel to the overall picture. Thus, IR cameras have much lower
resolution than visual photographic processes (in much the same way that a photograph has
much better resolution than a television image).

ES.1.4.2.2.6 Human Factors Limitations

Much of the work in inspecting for corrosion is repetitive and, in a word, tedious. Take into
account that much of the work is done in awkward locations and sometimes under adverse
environmental conditions (darkness, cold, etc.) Added together, the problem of inspection for
corrosion goes well beyond that of just the technology of the sensing device and the processing of
the information. It must include an array of human factors that will limit the overall effectiveness
of the inspection process.

ES.1.4.2.3 Policy/Fiscal Barriers

ES.1.4.2.3.1 Cost of Corrosion Difficult to Calculate

Determining the costs of corrosion in the life cycle of a system is difficult to calculate. There
currently is no baseline for this type of measurement and no good cost data at present. Hence,
the costs of corrosion are not considered upfront in the acquisition cycle since no benchmark for
measuring the impact of corrosion has been established. In addition, an effective cost/benefit
analysis of the cost savings generated by implementing a corrosion detection technology is
difficult to quantify.

' ES.1.4.2.3.2 Commercial Airlines/Military Have No Economic Incentive to Improve Probability of
Detecting More Corrosion

In commercial operations, there are cases where original equipment manufacturers have
specified that when corrosion is determined to be less than 10% loss per layer, the operator has
the choice of repairing the damaged area immediately or deferring the repair until the loss reaches
10%. However, the second option requires that the corroded area be re-inspected periodically.
This is a heavy disincentive to the deployment of systems capable of detecting corrosion below
10% if a system capable of detection of 10% is defined to be adequate. Correcting corrosion
damage at short intervals is inefficient, even though the immediate maintenance action may
prevent larger repairs later. Operators typically want to perform all corrosion repairs during a
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single downtime to minimize overall downtime. This leads operators to defer corrective actions
until the greater 10% material loss is detected.

Perhaps the most attractive economic incentive to the commercial airlines would be improving
the productivity of the inspection process, thereby reducing the cost of maintenance, assuming
that that can be done without compromising the safety or the service life of the aircraft.
Economic incentives would surface if more developments were to occur in the area of condition
based models where they could use the knowledge and exert control over how a corroded
component is repaired and treated and tracked (such as what is presently used for fatigue and
crack growth analysis), rather than simply removing all corrosion in all cases, which can end up
damaging the structure even more. In other words, corrosion models are needed to determine the
consequence of repairing it or treating it, or leaving it alone to make better informed decisions.
(The models would take the effects of the corrosion damage on the fatigue life of the aircraft, and
require accurate quantitative NDT input).

With regards to the military, employing new technologies cost money and, as with the
airlines, this cost must be weighed against the return on investment to the facility. Without
quantitative cost data to support a decision to invest in new technologies, most of the actual
users would not incur such an expense at the depot level.

!

ES.1.4.2.3.3 Cumbersome, Lengthy Process for Emerging Techniques to Gain Wide
Acceptance/FAA-OEM Approval

Currently, Service Bulletins are developed by the Original Equipment Manufacturers
(OEMs) to deal with specific maintenance problems. The FAA may issue Airworthiness
Directives (ADs) to deal with problems of a more urgent nature. Service Bulletins receive FAA
approval before issuance. Airline maintenance operations may implement the Service Bulletin
through an Alternate Means of Compliance (AMC). While the AMC is valid for the developing
airline, it is not useable by another maintenance organization. In their quest to control costs,
airlines seek lower cost alternatives to mandated inspection and repair requirements. The
approval process for an AMC is lengthy and expensive. Thus, any new technology that has
promise to improve the inspection process and the productivity of the maintenance operation
faces a not inconsequential approval cycle before it is generally accepted in the customer
community.

ES.1.4.2.3.4 Increased Training Requirements for Technicians to Use Different Technologies

Every different corrosion detection technology will entail different training requirements.
Eddy current and ultrasonic sensors produce displays that require a high degree of sophistication
to properly interpret. Improved processing of newer techniques, such as stepped pulsed eddy
current, provide c-scan images that are much more intuitive but still require expert interpretation,
especially in determining when a particular threshold has been exceeded and some expensive
repair process is required. The range of technologies also expands the knowledge required to
interpret the results. Thus, for a technician to be considered fully qualified in all areas necessary
to perform a complete corrosion inspection, many more skills are required than before. Coupled
with this is the fact that the number of trained NDT inspectors is dwindling due to base closures
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and consolidations and turnover at the maintenance level. Hence, the Services are experiencing a
loss of corporate memory through retirement of key personnel.

ES.1.5 RECOMMENDATIONS

ES.1.5.1 Request the Corrosion Sub-Panel of TPAM Perform Added Coordination
Activities

To ensure the widespread dissemination of published reports on corrosion and that
information regarding corrosion detection techniques, advances, and implementation are
effectively coordinated throughout the NDE/NDI community, the Corrosion Sub-Panel of
TPAM should be approached about taking on the responsibility of:

. Coordinating and promoting interaction between the Services and identifying common
problems

. Establishing a central repository of reports and other corrosion related information

o Improving report distribution

. Pooling information on system failures/corrosion problem areas

o Establishing a Point of Contact database of technology experts (placed online and updated

annually) so that timely consultation on specific corrosion related issues can be achieved.

If buy-in to these coordination activities is achieved, perhaps this panel could enlist the aid of
the NTIAC to support these efforts.

ES.1.5.2 Appoint Recognized Champions to Push for Corrosion Agenda and
New/Higher Fidelity Techniques

To ensure that the entirety of system life cycle costs are considered in the procurement
process, identify and enlist military champions to “market” the savings to Programs/Program
Managers from 1) building into the design of the system protective measures to protect against
corrosion and 2) including processes for detecting corrosion problems early in a system’s life
cycle. Additionally, the logistics community should be made aware of the importance of
corrosion prevention and corrosion control in planning for the life cycle support of systems and
in developing R&D requirements for extending the life cycle of weapon systems. These
champions could emphasize the importance of considering corrosion costs as an independent
variable for determining life cycle costs and push for establishing benchmarks for measuring the
impact of corrosion on the service life of a system. In order to better define these costs, the
champions could recommend that economic models be developed that address the costs of
corrosion in the life cycle of the system and address the savings realized by planning for
corrosion detection upfront and detecting corrosion early on in the system’s maintenance life. In
addition, these champions could strive to establish an integrated approach to tackling corrosion
issues, ensuring that Integrated Product Teams consisting of structural engineers, NDE/NDI
personnel and researchers address these issues in a joint fashion.
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ES.1.5.3 Target Insertion/Demonstration Program

In order to demonstrate the benefits derived from employing a certain corrosion detection
technology(s), a widely applicable, high payoff, dual use insertion/demonstration program would
be an ideal mechanism. A candidate for an insertion/demonstration program might be multi-sensor
and multiple data fusion, incorporating automation/robotics as deemed feasible. These
suggestions support the findings of the National Research Council, and have met with
widespread backing from the members of the NDE/NDI community. Industry and government
input would need to be solicited to develop a DoD/DND/Australian-specific program that
involves the fusing of as many NDE techniques as possible. Researchers, developers and end-
users would participate in the identification and selection process.

ES.1.5.4 Streamline Process for Inserting Newer Techniques into OEM Maintenance
Procedures

The feedback from the research community through the OEMs back to the users and
operators of the systems should be shortened. It should be possible to incentivize this process to
reward improvements that can enhance system reliability and extend the life of a system while
reducing the cost of inspection and repair. The use of electronic updates to inspection and repair
manuals can reduce the administrative delay.

ES.1.5.5 Increase Collaboration Between the Military Departments and Umvers:ty
NDE/NDT Departments on Training

Training is usually an afterthought following the development of new inspection technologies
and tools. It should be possible to procure integrated training along with any new inspection
tools. Such training would be essential until each using organization was able to develop a core of
expertise and thereby be able to conduct their own training programs.
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1. INTRODUCTION

1.1Background

The North American Technology and
Industrial Base Organization (NATIBO) is
chartered to facilitate cooperative technology
and industrial base planning and program
development among the U.S. military
Services and Canada. To further this
mission, the NATIBO has spearheaded an
effort to address the challenges of advancing
and maintaining technological superiority in
light of reduced government research and
development funding. The criteria used for
selecting technologies to study through this
program are:

e The candidate is a key technology area of
high interest

e There is potential for both military and
commercial applications

e Development and/or production exists in
both the U.S. and Canada

e There is a good window of opportunity
for investment and application.

Through this initiative, common areas of
interest are assessed jointly, allowing
participating organizations to capture the
information they need cost effectively, avoid
duplication of effort, and capitalize on scarce
resources.

Through a lengthy selection process, the
area of corrosion detection technologies was
chosen as the technology area to address
through the NATIBO’s technology base
enhancement program. Joining the NATIBO
in this effort for the first time is the
Australian Department of Defence. In the
course of high level, trilateral discussions,
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the Australian Government determined that
this technology area of study was of keen
interest to them as well and decided to
become involved in this NATIBO study.

Corrosion involves a number of issues
which need to be taken under consideration
when addressing the seriousness of the
corrosion problem throughout the U.S.
Department of Defense, the Canadian
Department of National Defence, and the
Australian Department of Defence.
Corrosion is a force structure issue. Every
year, some number of weapons systems
(aircraft, vehicles, etc.) are retired based on
being too expensive to repair. These assets
are not replaced on a one-for-one basis, thus
the overall force structure is reduced, for a
net result of a loss of capability. As systems
age, their associated maintenance and repair
needs increase. For example, the depot
overhaul time for KC-135 aircraft has nearly
doubled in recent years. This means that
each asset will be out of the active (combat
coded) fleet for longer periods, reducing the
number of assets available for operations at
any given time.

Corrosion is an economic issue. It costs
the three Governments millions of dollars
per year to manage corrosion. Corrosion is,
in many instances, difficult to detect and
difficult to repair. The expected service life
of an older system is harder to predict when
corrosion damage has been incurred.
Increased expenses for inspection,
maintenance and repair inevitably mean
fewer resources available for operations,
training and contingencies. Furthermore,
some of the most accurate methods for
detection and characterization of corrosion
are also very expensive.




Corrosion is a technical issue. The causes
and effect of corrosion are not well
understood. There are many forms and
combinations of corrosion just as there are
many different means to detect and
characterize corrosion. No single means of
detection is either ideal or even suitable for
all forms of corrosion. As in so many other
areas, the area of corrosion detection is
limited by a probability of detection and by
the characterization and accuracy of the
results. Thus corrosion is a highly complex
technical issue. Even so, it is often treated as
a subset of nondestructive testing and
evaluation.

Corrosion is a long-term issue. Newer
systems are designed and built using better
materials, adhesives, coatings, etc. They
incorporate many of the lessons learned
from building, operating and maintaining
older systems. The corrosion problem
occurs slowly and is obviously most
advanced in older systems. The maintenance
requirements of older systems increase with
the age of the system, though this increase is
not entirely predictable.

Corrosion is an education and training
issue. Corrosion involves many different
disciplines, including mechanics, strength of
materials, electrical engineering, chemistry,
and others. Corrosion is often treated as a
technician-level problem in the field. While
this is not a glamorous career field, it
typically takes on the order of ten years
experience to become considered highly
qualified in the field. The typical corrosion
inspector, if he does his job well, will likely
generate only bad news, i.e., the need for
more than planned maintenance and repair,
and therefore higher than planned expenses.
The education and training of corrosion
inspectors tends to be ad hoc rather than
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defined by specific curricula and career
progression ladders.

Corrosion is a safety issue. This study is
not intended to exhaustively examine the
safety impact of corrosion, but it cannot be
ignored. Within previous case studies, there
is evidence to suggest that corrosion is a
primary cause factor and a contributing
cause factor in a substantial number of
safety incidents and accidents.

In addition to these considerations, the
DoD, DND, and Australian corrosion
technology infrastructure is being affected
by a number of factors that are having an
impact on resources to combat corrosion and
extend the life of existing systems. These
include:

e Possible reduction of current budget
levels

e Loss of manpower through base
closures and consolidations

e Loss of corporate memory through
retirement of key personnel

e Turnover at the maintenance level

o Increased environmental restrictions.

1.2Purpose

The purpose of this study is to assess
the industrial base, maturity, level of use,
utility, and viability of corrosion detection
technologies for land, air and sea
applications. Non-destructive
evaluation/non-destructive inspection
(NDE/NDI) equipment manufacturers have
not been focused on developing corrosion
detection technologies for military systems.
Rather, they have concentrated on
developing technologies to detect cracks in
pipes in the electric, nuclear power and
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pipeline industries because these industries
offer a higher payoff.

This report investigates corrosion
detection technologies from technological,
policy, financial, cultural, and effectiveness
points of view and develops conclusions
regarding the status of these technologies
from each of these perspectives.
Recommendations are presented regarding .
actions that the defense and industrial
community might consider in response to
these conclusions.

1.30bjectives

This study identifies and assesses the
maturity and applicability of corrosion
detection technologies to solve the problem
of detecting corrosion that is found in both
the defense and commercial industry.

The objectives of this study are to:

o Conduct a complete and thorough
analysis of present and emerging
corrosion detection technologies

. Identify land, sea, and air
applications of corrosion detection
technologies

J Identify corrosion detection
proponents, equipment developers and
researchers in government, industry and
academia

. Identify barriers and imp ediments
blocking the exp ansion of corrosion
detection technologies into the mdustrial
base

. Develop recommendations for
government and/or industry action to
eliminate barriers and address issues.

This report explores the military and
commercial app lications of these technologies
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and the transfer of the technologes among
government organizations and between
government and private industry. Advantages
and limitations of these technologies are
discussed and compared. From this analysis,
corclusions regarding these technologies and
their further commercialization are discussed.
The recommendations addressing these
conclusions are then provided for potential
future action.

1.4Scope

This study encompasses the collection
and analysis of technical, business, and
policy information related to corrosion
detection technology research efforts and
industrial capabilities in the U.S., Canada
and Australia. The corrosion detection
technologies investigated and analyzed in
this report are:

o Visual - used for quick inspection of
welds and components; can be used with
television camera systems and enhanced
by using low power magnifying glasses

. Enhanced Visual - optical inspection
using CCD cameras, special optical and
illumination systems and sometimes
scanners. Can generate digital output for
use with other systems.

. Radiography - technique using x-
rays, neutrons, or gamma rays to image
material flaws on film or magnetic media

. Ultrasonics- technology that uses
sound waves to detect flaws or measure
material thickness

. Eddy current - an electromagnetic
technique used on conductive materials

. Thermography - infrared imaging to -
identify abnormal thermal characteristics.
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Figure 1-2. Corrosion Detection Technology
Application.

Within each of these technology areas,
emerging technologcal advances are explored
(see Figure 1-1 below).

detection of systems that are in
service (see Figure 1-2 above).

1.5Methodologies

The corrosion detection
technology study required a
clear, concise, and well-defined
methodology to survey
government, industry and
academia effectively and
compile military, commercial,
political, marketplace and
academic perspectives. The
data collected and analy zed for

this study were drawn from previously
published reports, conference proceedings,
journal articles, Intemet home pages and

other online sources, as well as from

Cnharzed visual/advar ed opliza
techniq..es (e.g.. Difrarto D-3igt!

Advariced red-live x-"ay and ‘1eu.roi
~adiographyico Tipuite” to~1ograply
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Figure 1-1. Technology Advancements.

Other technologies that are addressed
include liquid penetrant, microwave NDE,
acoustic emission, electrochemical sensors,
embedded fiber-optic sensors, laser speckle
and laser moiré, galvanic thin film sensors,
neural net and classifier development, and
electrochemical impedance spectroscopy
(EIS).

Though these technologies are used in a
wide range of applications throughout the
course of manufacturing, this study is
focused on NDI as it relates to corrosion

M980175UN 4
FINAL7A.doc.DOC




e

discussions with U.S., Canadian and
Australian representatives from industry,
government and academia The
methodology employed is depicted in
Figure 1-3.

The study group’s goal was to meet with a
representative samp le of corrosion detection
technology researchers, equipment providers,
end users, proponents and policy makers.
Factors taken into consideration in selecting
sites to visit included volume and business
with the individual Services and with industry,
industrial sector involved, market niche, state
of'the technology, applications, and new
technology development. Site visits were
conducted in six regional areas: U.S. West
Coast, U.S. Midwest, U.S. Southwest, U.S.
Northeast, Canada, and Australia.

When it was determined that an
industry, university, or government site
would not be visited, an extensive phone
interview was conducted. Data collection
guidelines were develop ed and used to
facilitate obtaining data from all points of
contact either through telep hone
interviews and/or site visits.

Data

Recorivirdatiois

Collection

Technology
Assessment

Cost
Ana?yssis

Research

Industrial
Base

980090-03

Figure 1-3. S tudy Methodology.

Data collected from relevant documents,
World Wide Web sites, site visits, and phone
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interviews were analyzed and incorporated
into key sections of this report: technology
overview, applications, corrosion costs,
research activities, industry demographics,
facilitators, barriers, and recommendations.
This report functioned as a working document
throughout the data collection and analysis
phases of this study.

1.6Report Structure

Section 2 of this report discusses the
fundamentals of corrosion, defines the
different types of corrosion, and factors
affecting corrosion. It describes the different
technologies, the types of techniques
employed in the technology area, and the
advantages and disadvantages of the
technologies.

Section 3 provides an overview of
current and potential applications of
corrosion detection technologies. Both
military and commercial land, air and sea
applications are considered.

Section 4 addresses the issue of
corrosion costs and demonstrates how
corrosion is an increasingly expensive
problem.

Section 5 presents an overview of the
government, commercial and academic
institutions currently active in the corrosion
detection technologies field.

Section 6 highlights the industry
demographics of the corrosion detection
technologies arena, and projects the industry
outlook for each technology.

Section 7 addresses facilitators enabling
advancement of current and emerging
corrosion detection technologies.



Section 8 then addresses barriers
affecting the widespread adoption of these
technologies. '

Section 9 provides relevant
recommendations made by the National
Research Council in a related study.

Section 10 provides specific
recommendations for capitalizing on the
facilitators and addressing the barriers
discussed in the report.

Helpful appendices are also provided to
assist in the reading of the report.

2. Corrosion Technology

This section provides an overview of the
physical phenomena of corrosion, a
description of its various forms and
complexities, and an overview of the
prominent technologies employed and under
development to detect and characterize
corrosion.

2.1Corrosion Fundamentals

Corrosion is a physical phenomenon that
results in the loss of structural material and
the generation of the products of corrosion, |
i.e., scale and metallic salts. The presence of
the products of corrosion are one of the
symptoms of the process. The result is the
reduction of structural strength and therefore
the useful life of a system. In general,
corrosion is time related whereas fatigue and
crack growth are cycle related. However,
both produce the same result, a loss of
physical strength of the structure of the
system in question.

Both structural fatigue and corrosion give
rise to the entire Non Destructive Evaluation
and Inspection (NDE/NDI) industry. This
industry and its research activities in
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industry, academia and government focus on
technologies that are useful for detection of
structural flaws in the form of cracks and
corrosion, both of which reduce the inherent
strength of the structure.

Over the past 30 years or so, great
progress has been made in the modeling and
understanding of crack growth. This is
exhibited in the relatively new field of science
known as fracture mechanics. It is now
possble to predict with high accuracy and
assurance the growth of aracks in various
structural materials. This science is now the
basis for calculating the useful life of
systems, such as aircraft, exposedto a
predictable stress history.

Similar progress in the modeling and
understanding of corrosion has not been
made. This is at least partially due to the
many forms and combinations of corrosion,
each with different outcomes. Prediction of
corrosion damage now relies heavily on
periodic inspection, often requiring
disassembly of'the structure to find and
measure the effects of the many forms of
corrosion.

Research in NDE/NDI for corrosion is
now being conducted by many organizations
for many different applications. Research is
beingsponsored under programs such as the
FAA’s Aging Aircraft progam. Much of the
basicresearch is still at the academic stage
with few transitions to commercial
application. M ost researchers agree that there
is no single “silver bullet” that will enable
affordable, large improvements in corrosion
related NDE/NDI technology in the near
term.

Corrosion itself is insidious. It occurs
more or less continuously and tends to seek
out areas that are not amenable to inspection,




washing or periodic re-coating. It occurs in
areas that are hidden from direct view and in
areas that are difficult to predict. It is
frequently masked by structural features.
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Corrosion of primary structure, the load
bearing structure subject to the highest
stresses and therefore accelerated stress
corrosion, can be masked by secondary
structure. For example, corrosion in an
aircraft’s wingspar can be hidden by skin,
fillets and fuel tanks that cover the affected
area of the spar. Furthemore, repair of
corrosion in many cases tends to hasten its
recurrence and its subsequent rate of
propagation. Finally, because corrosion is a
multi-discip linary phenomenon and its
determination is only part science and
somewhat subjective, the education and
training of corrosion specialists is a particular
challenge.

2.1.1 Definition of Corrosion

Corrosion is typically defined as the
degradation of a material, usually a metal,
because of a reaction with its environment.
The reactions by which corrosion damage
occurs are varied, but can be generally
classified as electrochemical, chemical, or
physical. Corrosion is especially important
because of its insidious nature, occurring
within materials and structures in places and
timeframes that are difficult to predict and
locate. Corrosion is the destruction of metals
by chemicals or electrochemical action and is
caused by a chemical reaction between metals
(serving as electrodes) and an aqueous
solution contamning different ions and/or
dissolved oxy gen, actingas the electrolyte.
Corrosion is to be distinguished from erosion,
which is primarily destruction by mechanical
action, such as occurs in high pressure, high
flow rate tubing.

2.1.2 Typesof Corrosion _
Degradation of material properties by

corrosion, or corrosion damage, can take

many forms. There have been several




different organizations of this information,
each useful from a particular viewpoint.

For example, the mechanisms of corrosion
can be divided into time dep endent, time
related, and time indep endent categories.
Other categorizations are useful. For the
purposes of this report, we shall consider
the types of corrosion listed and described
in the following sections. The wide variety
of forms of corrosion gives emphasis to the
difficulty of detecting all forms with equal
assurance and accuracy. In general, detection
of corrosion is concerned with measuring the
amount of material lost through the
corrosion process. Such material loss is an
indication of the residual strength of the
material and therefore the remaining useful
life of the structure in question.

The following descriptions of the various
forms and types of corrosion and corrosive
processes are those generally used by J. J.
DeLuccia, Ph.D., former Senior Materials
Engineer with the Naval Air Development
Center and now a Professor at the
University of Pennsylvania, as described in
AIAA paper 91-0953. -

2.1.2.1 General Corrosion or
Uniform Attack

As its name implies, general corrosion
attack causes the metal to be consumed
uniformly over the entire surface that is
wetted within the corrosive environment.
When a metal experiences general corrosion,
the anodes and cathodes on the surface
continually switch their behavior
(polarization) so that arelatively uniform
consumption of the metal surface occurs with
time. This type of corrosion is most easily
treated, but it is not aparticulady critical
problem on aircraft where localized corrosion
is a greater problem. General corrosion attack
would be of greater concern where large areas
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are exposed without surface treatments or
periodic cleaning. This occurs, for instance,
on ships and trucks which have large surface
areas vulnerablk to surface damage and
subsequent corrosion.

2.1.2.2 Pitting

Pittingis a form of corrosion that occurs
locally and thus results in consumption of
metal in a non-uniform fashion at a specific
location. This localized attack, pitting, is more
insidious and hence more dangerous than
general corrosion. Unfortunately, most of the
common metals used in defense sy stem
construction are susceptible to this type of
corrosion. Aluminum alloys and stainless
steels are prime examp les of metals that will
pit in the presence of certain reducing anions.
The ubiquitous chloride ion falls into this
category. The hydrolysis reaction that occurs
in a pit produces a metal hydroxide and
hy drochloric acid. The hydrochloric acid
petpetuates the process, making pitting
corrosion a difficult form to counter.

Pitting corrosion is common on aircraft, -
ship and land vehicle structures since age
hardenable, high strength aluminum alloy s and
steels are particularly susceptibletothis type
of attack. The localized corrosion of pittingis
itself deleterious. Additionally, the negative
geometrical aspect of pits, actingas notches or
cracks, can trigger more damage when stresses
are superimposed on the part. This
phenomenon will be further described in
Sections 2.1.2.7 and 2.1.2.8.

2.1.2.3 Intergranular and
Exfoliation Corrosion

All solid metals are crystalline in nature.
All metallic structures therefore consist of a
multitude of tiny crystals called grains.
When corrosion occurs preferentially along
the boundaries of these grains, the metal is
said to experience intergranular corrosion. A
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large percentage of all aircraft structures
consist of aluminum alloys that have been
worked (rolled or pressed during forming)
and hence exhibit an elongated grain

structure. When intergranular corrosion
occurs in an elongated grain structure, it is
called exfoliation. The buildup of
intergranular corrosion products along the
elongated grains is exhibited as bulging or
expansion of the material, caused by a
buildup of the corrosion products within the
material. This type of corrosion typically
starts at a machined surface (such as a
fastener hole) where the machining process
exposes and slightly opens the inter-grain
boundaries. Thus, this type of corrosion is
typically discovered as a bulging or
“pillowing” around rivets and fasteners used
in aircraft, ships and land vehicles.

2.1.2.4 Crevice Corrosion

If a stagnant area in the form of a
crevice or debris deposit occurs on the
surface of a metal exposed to an aqueous
environment, accelerated corrosion can be
exp ected to occur within the crevice or
debris deposit. The area within the crevice
or under the deposit becomes a total anode
(the electrode where active corrosion
occurs). The areas immediately adjacent to
the crevice or debris become the operative
cathode. A classic example of crevice
corrosion is that which occurs at lap joints
that allow ingress of the environment.
Much of the crevice corrosion observed on
aircraft is a result of differences in oxygen
concentration within the crevice and
adjacent to it. Crevice corrosion as well as
the previously defined pittingis further
exacerbated by the stagnant corrosive
products becoming more acidic with time.
The same hydrolysis reaction described
earlier occurs within a crevice.
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It should be noted that bonded aircraft
joints can experience bond material (usually
epoxies) deterioration. When these bonding
resins deteriorate, they become brittle and
subject to moisture accumulation. Thus the
presence of adeteriorated surface bond can act
to retain moisture and lead to crevice corrosion
of the joint. Even in the absence of resin
bonding, fastened joints can exp erience crevice
corrosion at the interface of the joined
surfaces. This form of crevice corrosion can
also cause surface bulging or “pillowing.”

2.1.2.5 Filiform Corrosion

Filiform corrosion occurs under paint
films in hot and humid environments. It may
start as a corrosion pit at a paint defect or at
an unpainted edge. Instead of the pit
progressing deeply into the metal, it remains
close to the surface and meanders about
under the paint film or even under the
cladding of some clad aluminum alloys. This

. form of corrosion is more prevalent in

aircraft, vessels, and land vehicles operated
in hot, wet conditions. The appearance of
filiform corrosion, once the paint or surface
film is removed, gives the visual impression
of surface worm damage as sometimes
occurs in wood products.

2.1.2.6 Galvanic (Dissimilar
Metal) Corrosion

Iftwo different metals are brought into
contact in an electrolytic solution, the resulting
system is the familiar galvanic cell. The metal
nearer the top of the galvanic series (or
galvanic scale) forms the anode; the other
metal is the cathode. The electrical connection
needed to complete the circuit is provided by
the contact between the two metalk. The rate
of corrosion activity i governed by the
relative positions of the metals in the galvanic
series, the more widely separated metals




corroding faster due to the greater difference m
electrical potential between them

As in all electrochemical corrosion
processes, damage is observed as metal
loss at the anode, accompanied by the
formation of corrosion-product deposits
on one or both surfaces. The rate of
corrosion will be a function of the galvanic
differential or separation on the galvanic
scale. As an examp le, boats designed for
operation in seawater typically employ
sacrificial anodes (usually zinc, near the
bottom of the galvanic series) to
intentionally draw the corrosion process
away from critical comp onents, such as
propellers and shafts made from more
noble metals or alloys.

Another example of galvanic corrosion
is in aircraft between the aluminum
structure and steel fasteners. Aluminum,
higher on the galvanic scale than steel, will
corrode where the two metals are in
contact. To prevent this, steel fasteners are
cadmium plated to reduce the galvanic
effect between steel and aluminum. Thus,
the metals in contact are aluminum and
cadmium, which are not subject to serious
galvanic attack. Note that modern
composites, such as graphites, may also
form galvanic couples with adjacent
dissimilar metals and mat erials leading to
corrosion deterioration. The dissimilar
metals and comp osite materials used in
exposed equipment onboard ships and land
vehicles will also exhibit galvanic corrosion.

2.1.2.7 Environmental
Embrittlement and Stress Corrosion
Cracking

It is well known that metals will corrode
and lose strength faster in the presence of
tensile stress and other environmental
conditions. The phenomenon of a
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superimposed static tensile stress on a
corroding metal is known as stress corrosion.
The rapid deterioration of high strength
aircraft alloys by stress corrosion, hydrogen
embrittlement, and mercury embrittlement
fall into this category of corrosion. This

type of corrosion occurs by the combined
and simultaneous action of corrosion and a
static tensile stress. Neither stress nor
corrosion acting separately would cause such
damage.

Unfortunately, all of the high strength
aerospace alloys, including aluminum, steel
and titanium, are susceptible to this type
of attack in such environments as fresh
water, moist air, sea water and other non-
specific mild environments. Certain alloys,
particularly those of titanium, do not
corrode or pit in fresh or salt water at
ambient temperatures, so that smooth
specimens of such alloy s do not experience
stress corrosion in these environments.
Environmental embrittlement and stress
corrosion cracking are found in aircraft,
ships and land vehicles where the exposed
structure is also under constant or cy clic
stress.

2.1.2.8 Corrosion Fatigue
Whereas stress corrosion or
environmental embrittlement requires an
enduring tensile stress, metallic failure due to
corrosion fatigue is caused by cyclic
stressing in mildly corrosive environments.
The speed of failure for corrosion fatigue is
cyclic dependent and not directly dependent
upon the time of exposure. In general, a
metal can withstand an infinite number of
stress cycles if the stress does not exceed a
certain value, called the fatigue or endurance
limit. If the same metal is subjected to
alternating or cyclic stresses in a corrosive
environment, fatigue cracking will occur
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much more readily, and a fatigue or
endurance limit is no longer accurate.

Cyclic loading that leads to fatigue
occurs in many ways on modern airframes.
Some of these are: airborne maneuvers,
vibrations (especially in helicopters), gust
loadings, and cabin pressurization cycles.

2.1.2.9 Combined Mechanisms
Some time dep endent mechanisms,

such as pitting and exfoliation, can serve to
initiate failures by stress corrosion and/or
corrosion fatigue. For examp le, corrosion
that begins as pitting on a helicopter blade
can lead to stress corrosion at that p oint as
the blade is loaded in flight. Cy clic loads,
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including vibrations, can accelerate the
fatigue process, which can then lead to
ultimate failure of the comp onent.

2.1.2.10 Summary

Corrosion of metal in military systems is
a highly complex phenomenon and takes
many different forms. The result of all
corrosion is the loss of strength of the
material and the structure. Understanding the
various forms and combinations of corrosion
is essential to determining the importance of
each and to finding the most appropriate
technologies for detection and
characterization of corrosion.




Table 2.1 summarizes the types of
corrosion that can damage structures, and
their characteristics.

2.1.3 Factors Affecting Corrosion

The various processes of corrosion are
affected by several factors. Among these are
the type of material selected for the
application, the heat treatment of the
material, the environment of the application,
and the presence of any contaminants in the

Corrosion Cause

Type

Impurity or chemical
discontinuity in the paint or
protective coating

Pifting

Afflicts mechanical jonts,
such as coupled pipes or
threaded connections.
Triggered by local difference
in environment comp osition
(Oxy gen concentration)

Crevice

Cormrosive condition that
results from contact of
different metals

Galvanic
Corrosion
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Corrosion Types and Characteristics.

Localized damage in

material itself.

2.1.3.1 Effect of Material Selection
A fundamental factor in corrosion is the
susceptibility of the material itself. High-
strength, heat-treatable aluminum alloys are
susceptible to intergranular corrosion as well
as to pitting and general attack. All
magnesium alloys are highly susceptible to
general and pitting attack when exposed to
corrosive environments. Materials must be
selected primarily on the basis of structural

Appearance By-Product

Localized pits or Rapid dissolution of the
holes with base metal

cylindrical shape and

hemispherical

bottom

Same as scale and pitting,
the form of scale and | May induce stress due to
pitting expansion of the corrosion

product. In lap splices, this
is called “pillowing,”

Emission of mostly
molecular hydrogen gas in a
diffused form

Uniform damage,
scale, surface fogging
or tarnishing




efficiency; therefore, corrosion resistance is
at times a secondary consideration at the
design level. Use of more corrosion resistant
materials normally involves additional
weight, which is considered to outweigh the
cost of preventing corrosion by proper
maintenance or by chemical surface
treatments and finishes.

2.1.3.2 Effect of Heat Treatment

Heat treatment of the alloy is a vital
factor in establishing resistance to corrosion
and is a factor over which definite control is
exercised. A rigid inspection procedure is
maintained, for both the heat-treating
processes and the facilities used, to ensure
proper heat treatment. To make certain that
replacement parts meet the heat-treating
specifications, it is essential that parts be
procured either directly from the
manufacturer or from approved sources, and
that heat-treatment processes be controlled
at qualified repair facilities.

2.1.3.3 Effect of Environment

Exposure to salt water, moisture
condensate, chemicals, and soil and dust in
the atmosphere affect the degree of
corrosion. The geographical flight routes and
bases of operation will expose some
airplanes to more corrosive conditions than
others. The same is true of ships and land
vehicle fleets. Ships operated in fresh water
do not deteriorate as quickly as similar
vessels operated in salt water. The truck
fleets positioned in Hawaii and the Pacific
are significantly more damaged by corrosion
than those in Europe, for instance. Corrosion
prevention and control requirements (and
therefore detection equipment) will vary
from one area to another.

2.1.3.4 Effect of Contamination
A corrosive action canresult when a
contaminating material comes into contact
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with a metal surface; the degree of corrosive
action is determined by the comp osition of
such contaminating materials and the length of
time they remain in contact. The extent of
corrosive attack can be minimized by frequent
cleaningto remove contaminating deposits. In
addition, anodic and chemical treatments as
well as proper paint finishes should be
maintained in clean and intact condition. The
primary purpose of these coatings is to
provide a barrier and temp orarily to prevent
the corrosive media from contacting the
underly ing metal, thereby allowing time for
their removal by periodic washing

2.2Corrosion Detection Technoldgy
Areas

This study will concentrate on five
corrosion detection technology areas: 1)
visual/optical, 2) electromagnetic eddy
current, 3) acoustic ultrasonic, 4)
radiographic, and 5) thermographic. These
are the five most mature technology areas.

2.2.1 Visual

Visual inspection is the oldest and most
common form of NDI used to inspect
aircraft for corrosion. The physical principle
behind visual inspection is that visible light
is reflected from the surface of the part to
the inspector’s eyes. By observing the
appearance of the part, the inspector can
infer its condition. Visual inspection is a
quick and economical method of detecting
various types of defects before they cause
failure. Its reliability depends upon the
ability and experience of the inspector. The
inspector must know how to search for
critical flaws and how to recognize areas
where failure could occur. The human eye is
a very discerning instrument and, with
training, the brain can interpret images much
better than any automated device.




Optical devices are available to aid the
naked eye in visual inspection and flaw
detection. This equipment can be used to
magnify defects that could not be seen by
the unaided eye or to permit inspection of
areas otherwise hidden from view.

Visual inspection is often conducted
using a strong flashlight, a mirror mounted
on a ball joint, and a magnifying aid.
Magnifying aids range in power from 1.5X
to 2,000X. Fields of view typically range
from 3.5 to 0.006 inches with resolutions
ranging from 0.002 to 0.000008 inches. A
10X magnifying glass is recommended for
positive identification of suspected cracks or
corrosion. Other inspection methods, such
as eddy current, ultrasonic and others, can be
used to verify questionable indications.

2.2.1.1 Techniques and
Technologies

Borescopes: A borescope is a long, thin,
rigid rod-like optical device that allows an
inspector to see into inaccessible areas by
transmitting an image from one end of the
scope to the other. Certain structures, such
as engines, are designed to accept the
insertion of borescopes for the inspection of
critical areas. A borescope can be thought of
as a highly specialized periscope that can
focus at extremely close distances.

A borescope works by forming an image
of the viewing area with an objective lens.
That image is transferred along the rod by a
system of intermediate lenses. The image
arrives at the ocular lens, which creates a
viewable virtual image. The ocular can be
focused for comfortable viewing. Borescopes
typically range from 0.25 to 0.50 inches in
diameter and can be as long as six feet.
Borescopes often incorporate a light near the
objective lens to illuminate the viewing area.
Different borescopes are designed to provide
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direct, forward oblique, right angle and
retrospective viewing of the area in question.

Fiberscopes: Fiberscopes are bundles of
fiber optic cables that transmit light from
end to end. They are similar to borescopes
with the difference that they are flexible.
They can be inserted into openings and
curled into otherwise inaccessible areas.
They also incorporate light sources for
illumination of the subject area and devices
for bending the tip in the desired direction.
Like the borescope, fiberscope images are
formed at an ocular or eyepiece.

Video imaging systems: Video imaging
systems (or “videoscopes”) consist of tiny
charge coupled device (CCD) cameras at the
end of a flexible probe. Borescopes,
fiberscopes and even microscopes can be
attached to video imagingsystems. These
systems consist of a camera to receive the
image, processors, and a monitor to view the
image. The image on the monitor can be
enlarged or overlaid with measurement scales.
Images can also be printed on paper or stored
digitally to obtain a permanent record.

2.2.1.2 Advantages and
Disadvantages

Surface corrosion, exfoliation, pitting and
intergranular corrosion can be detected
visually when proper access to the inspection
areais obtained. Obviously, visual inspection
can only detect surface anomalies. However,
some internal corrosion processes do exhibit
surface indications, such as pillowing or
flaking. The primary advantages of visual
inspection include its ability to be performed
quickly and inexpensively without the need
for comp licated equipment. M odest training
is required, and typically no special safety
precautions need to be taken. Where
necessary, permanent records can be obtained
by photography or digital imaging and stored.




The disadvantage of visual inspection is
that the surface to be inspected must be
relatively clean and accessible to either the
naked eye or to an optical aid such as a
borescope. Typically, visual inspection
lacks the sensitivity of other surface NDI
methods. Further, visual methods are
qualitative and do not provide quantitative
assessments of either material loss or
residual strength. Additionally, visual
inspection techniques can be man-hour
intensive and monotonous, leading to errors.

2.2.1.3 Current Research
Advanced visual inspection methods

-include moiré and structured-light-based
optical profilometry, Diffracto Sight (a
patented process developed by Diffracto,
Ltd. of Canada), “edge of light”, and video
image enhancement analysis. Moiré and
structured light are methods to visualize and
quantify surface height irregularities.
Diffracto Sight is a surface slope
visualization technique. Video image
processing is a computer-based methodology
for enhancing and analyzing video images for
flaw detection. The most promising
applications for these advanced visual
techniques are detection and classification of
corrosion-induced paint liftoff and pillowing
induced by corrosion between fraying
surfaces and in areas that would normally
require disassembly. Diffracto Sight, or D-
Sight as it is known, is in the process of
commercialization.

Moiré interferometry is a family of
techniques that visualze surface irregularities.
Many variations are possible, but the
technique most applicable to corrosion
detection is shadow moiré (sometimes called
projection moiré) for surface height
determination. The Naval Air Development
Center has developed ahand-held test system
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that employs shadow moiré for field
inspection of possible damage sites in

comp osite structures on aircraft. A projection
moiré system built and marketed by WYKO

Corp. of Tucson, Arizona, generates fringes

interferometrically and uses a fringe shift
algorithm to compute the surface contour.
Improvements in CCD camera resolution
should improve height resolution beyond the
current 0.01 inches. '

The structured light technique is
geometrically similar to projected or shadow
moiré methods, and can be thought of as an
optical straight edge. Instead of fringe
contours being the resultant observation, the
departure from straightness of a projected
line is the observable. Using image
processing techniques, the surface profile
can be calculated.

D-Sight has the potential to map areas of
surface waviness as well as identify cracks,
depressions, evidence of corrosion and other
surface anomalies. D-Sight is a method by
which slope departures from an otherwise
smooth surface are visualized as shadows. It
can be used in direct visual inspection or
combined with photographic or video
cameras and computer-aided image
processing. The concept of D-Sight is related
to the schlieren method for visualzing index
of refraction gradients or slopes in an optical
system.

One possible problem with D-Sight is
that the technique shows virtually every
deviation on the surface, regardless of
whether it is adefect or a normalresult of
manufacture. This statement is true of all
optical/visual techniques. The more sensitive
the technique, the more it will show. The
key then is the ability to distinguish between
these surface deviations. In this respect,
enhanced visual techniques are similar to




Optical devices are available to aid the
naked eye in visual inspection and flaw
detection. This equipment can be used to
magnify defects that could not be seen by
the unaided eye or to permit inspection of
areas otherwise hidden from view.

Visual inspection is often conducted
using a strong flashlight, a mirror mounted
on a ball joint, and a magnifying aid.
Magnifying aids range in power from 1.5X
to 2,000X. Fields of view typically range
from 3.5 to 0.006 inches with resolutions
ranging from 0.002 to 0.000008 inches. A
10X magnifying glass is recommended for
positive identification of suspected cracks or
corrosion. Other inspection methods, such
as eddy current, ultrasonic and others, can be
used to verify questionable indications.

2.2.1.1 Techniques and
Technologies

Borescopes: A borescope is a long, thin,
rigid rod-like optical device that allows an
inspector to see into inaccessible areas by
transmitting an image from one end of the
scope to the other. Certain structures, such
as engines, are designed to accept the
insertion of borescopes for the inspection of
critical areas. A borescope can be thought of
as a highly specialized periscope that can
focus at extremely close distances.

A borescope works by forming an image
of the viewing area with an objective lens.
That image is transferred along the rod by a
system of intermediate lenses. The image
arrives at the ocular lens, which creates a
viewable virtual image. The ocular can be
focused for comfortable viewing. Borescopes
typically range from 0.25 to 0.50 inches in
diameter and can be as long as six feet.
Borescopes often incorporate a light near the
objective lens to illuminate the viewing area.
Different borescopes are designed to provide
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direct, forward oblique, right angle and
retrospective viewing of the area in question.

Fiberscopes: Fiberscopes are bundles of
fiber optic cables that transmit light from
end to end. They are similar to borescopes
with the difference that they are flexible.
They can be inserted into openings and
curled into otherwise inaccessible areas.
They also incorporate light sources for
illumination of the subject area and devices
for bending the tip in the desired direction.
Like the borescope, fiberscope images are
formed at an ocular or eyepiece.

Video imaging systems: Video imaging
systems (or “videoscopes”) consist of tiny
charge coupled device (CCD) cameras at the
end of a flexible probe. Borescopes,
fiberscopes and even microscopes can be
attached to video imagingsystems. These
systems consist of a camera to receive the
image, processors, and a monitor to view the
image. The image on the monitor can be
enlarged or overlaid with measurement scales.
Images can also be printed on paper or stored
digitally to obtain a permanent record.

2.21.2 Advantages and
Disadvantages

Surface corrosion, exfoliation, pitting and
intergranular corrosion can be detected
visually when proper access to the inspection
areais obtained. Obviously, visual inspection
can only detect surface anomalies. However,
some internal corrosion processes do exhibit
surface indications, such as pillowing or
flaking, The primary advantages of visual
inspection include its ability to be performed
quickly and inexpensively without the need
for complicated equipment. M odest training
is required, and typically no special safety
precautions need to be taken. Where
necessary, permanent records can be obtained
by photography or digital imaging and stored.
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The disadvantage of visual inspection is
that the surface to be inspected must be
relatively clean and accessible to either the
naked eye or to an optical aid such as a
borescope. Typically, visual inspection
lacks the sensitivity of other surface NDI
methods. Further, visual methods are
qualitative and do not provide quantitative
assessments of either material loss or
residual strength. Additionally, visual
inspection techniques can be man-hour
intensive and monotonous, leading to errors.

2.2.1.3 Current Research

Advanced visual inspection methods
include moiré and structured-light-based
optical profilometry, Diffracto Sight (a
patented process developed by Diffracto,
Ltd. of Canada), “edge of light”, and video
image enhancement analysis. Moiré and
structured light are methods to visualize and
quantify surface height irregularities.
Diffracto Sight is a surface slope
visualization technique. Video image
processing is a computer-based methodology
for enhancing and analyzing video images for
- flaw detection. The most promising
applications for these advanced visual
techniques are detection and classification of
corrosion-induced paint liftoff and pillowing
induced by corrosion between fraying
surfaces and in areas that would normally
require disassembly. Diffracto Sight, or D-
Sight as it is known, is in the process of
commercialization.

Moiré interferometry is a family of
techniques that visualize surface irregularities.
Many variations are possible, but the
technique most applicable to corrosion
detection is shadow moiré (sometimes called
projection moiré) for surface height
determination. The Naval Air Development
Center has developed ahand-held test system
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that employs shadow moiré for field
inspection of possible damage sites in
composite structures on aircraft. A projection
moiré system built and marketed by WYKO
Corp. of Tucson, Arizona, generates fringes
interferometrically and uses a fringe shift
algorithm to compute the surface contour.
Improvements in CCD camera resolution
should improve height resolution beyond the
current 0.01 inches.

The structured light technique is
geometrically similar to projected or shadow
moiré methods, and can be thought of as an
optical straight edge. Instead of fringe
contours being the resultant observation, the
departure from straightness of a projected
line is the observable. Using image
processing techniques, the surface profile
can be calculated.

D-Sight has the potential to map areas of
surface waviness as well as identify cracks,
depressions, evidence of corrosion and other
surface anomalies. D-Sight is a method by
which slope departures from an otherwise
smooth surface are visualized as shadows. It
can be used in direct visual inspection or
combined with photographic or video
cameras and computer-aided image
processing. The concept of D-Sight is related
to the schlieren method for visualzing index
of refraction gradients or slopes in an optical
system.

Onie possible problem with D-Sight is
that the technique shows virtually every
deviation on the surface, regardless of
whether it is adefect or a normalresult of
manufacture. This statement is true of all
optical/visual techniques. The more sensitive
the technique, the more t will show. The
key then is the ability to distinguish between
these surface deviations. In this respect,
enhanced visual techniques are similar to




radiographs, which display many features
and i is up to trained mspectors to
distinguish between normal and defect
signatures. In fact, because D Sight show
such detail, it is possible to characterize
different surface anomolies to reduce the
number of false calls. D-Sight may be most
useful to survey large areas relatively quickly
to identify specific areas for inspection by
more detailed methods.

The Institute for Aerospace Research
(IAR), National Research Council Canada
(NRCCQ), has developed a new enhanced
optical technique. this techniqueis based on
optical scanning of the surface using a light
source passingthrough aslit and reflected
fromthe inspected surface at a grazing angle
to aCCD matrix This technique needs a
computer for image reconstruction. EOL
resolution for lap joint corrosion is similar to
that of D Sight. The technique is slower than
areaD Sight; however, it is better suited for
automated interpretation and quantification
of corrosion in areas identified by other
methods.

EOL has been shown to be very effective
in detecting small surface cracks. In a study
comparing various NDI methods of
inspection of turbine disk for bolt cracking,
EOL has demonstrated higher POD than UT
and penetrant methods while it was only
slightly inferior to manual Eddy Current
(90/95 length of 1.36 mm for EOL vs. 0.84
mm for EC).

Video image enhancement relies on digital
image processing to capture and enhance
images so that a human inspector might have
better imagery to deal with and make
judgments upon. Image processing permits
the freeze-frame capture, enhancement, and
display of an image. Additionally,
processing algorithms may be applied which
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“could identify, measure, and classify defects

or objects of interest.

2.2.2 Eddy Current

When an electrically conductive material
is exposed to an alternating magnetic field
that is generated by a coil of wire carrying an
alternating current, eddy currents are induced
on and below the surface of the material.
These eddy currents, in turn, generate their
own magnetic field which opposes the
magnetic field of the test coil. This magnetic
field interaction causes a resistance of
current flow, or impedance, in the test coil.
By measuring this change in impedance, the
test coil or a separate sensing coil can be
used to detect any condition that would
affect the current carrying properties of the
test material.

Eddy currents are sensitive to changes in
electrical conductivity, changes in magnetic
permeability (the ability of a material to be
magnetized), geometry or shape of the part
being analyzed, and defects. Among the
latter defects are cracks, inclusions, porosity
and corrosion.

2.2.2.1 Techniques and
Technologies

M ost modern eddy current instruments
in use today are relatively small and battery
powered. In general, surface detectionis
accomplished with probes containing small
coils (0.10 inch diameter) operating at a high
frequency, generally 100 kHz and above.
Low frequency eddy current (LFEC) is used
to penetrate deeper into a part to detect
subsurface defects or cracks in underlying
structure. The lower the frequency, the
deeper the penetration. LFEC is generally
considered to be between 100 Hz and 50
kHz.




Initially, eddy current devices utilized a
meter to display changes of voltage in the
test coil. Currently, phase analysis
instruments provide both impedance and
phase information. This information is
displayed on an oscilloscope or an integrated
LCD display on the instrument. Results
from eddy current inspections are obtained
immediately.

A meter type of eddy current device
must be calibrated against a known
calibration block. The instrument is zeroed
against a good portion of the block. The
probe is then positioned over a crack of
known size, and the meter deflection is
adjusted accordingly.

The other type of eddy current
instrument displays its results on planar
form on a screen. This format allows both
components of the coil’s impedance to be
viewed. One component consists of the
electrical resistance due to the metal path of
the coil wire and the conductive test part.
The other component consists of the
resistance developed by the inducted
magnetic field on the coil’s magnetic field.
The combination of these two components
on a single display is known as an
impedance plane. It should be noted that
proper interpretation of an impedance plane
display requires extensive knowledge of all
eddy current principles and therefore proper
training.

Eddy current testing is used extensively
to detect cracks, heat damage and corrosion
thinning. HFEC is used to detect exfoliation
corrosion around installed fasteners.
Inspection is usually directed at specific
small areas rather than large areas.

M980175UN
FINAL7A.doc.DOC

2222 Advantages and
Disadvantages

A major advantage of the eddy current
method is that it requires only minimum part
preparation. Reliable inspections can be
performed through normal paint or-
nonconductive materials up to thicknesses of
approximately 0.015 inch. Eddy current
technology can be used to detect surface and
subsurface flaws on single and multiple
layered materials. It is sensitive to small
defects and thickness changes. It is low cost
compared to other NDI techniques, can
produce a permanent record and is
moderately fast. Eddy current testers are
portable.

On the other hand, there are a number of
factors which should be taken into account,
including:

e The surface to be inspected must be
accessible to the eddy current probe

e Rough surfaces may interfere with the
test

e Tests can only be performed on
conductive materials

e Much skill and training are required

e Reference standards are needed for
comparison

e The depth of penetration is limited by
the frequency of the probe

e It is a time consuming method for large
areas.

Eddy current is one of the most sensitive
and reliable methods for detecting surface
and subsurface flaws. Its application
requires considerable skill, demanding trained
and qualified personnel to achieve a high
degree of reliability.




2.2.2.3 Current Research
Scanned Pulsed Eddy Current. This
technique for application of eddy current
technology employs analysis of the peak
amplitude and zero crossover of the
response to an input pulse to characterize
the loss of material. This technology has
been shown to reliably detect and measure
material loss on the bottom of a top layer,
the top of a bottom layer, and the bottom of
a bottom layer in two-layer samples.
Material loss is displayed according to a
color scheme to an accuracy of about five
percent. A mechanical bond is not necessary
as it is with ultrasonic testing. The
instrument and scanner are rugged and
portable, using conventional coils and
commercial probes. The technique is
sensitive to hidden corrosion and cracks and
provides a quantitative determination of
metal loss. The time gating feature
discriminates against fasteners and liftoff,
and provides an indication of which surface
in a multi-layer structure is suspect. The
progress here is in the control of the eddy
current probe through a computer-controlled
scanning mechanism and the processing of
the sensed data into C-scan, or two-

dimensional, images of the inspected surface.

Mohile Automated Scanner (MAUS). The
M obile Automated Scanner, currently inits
third generation, was developed by

M cDonnell Douglas (now Boeing) under
contract to the US. Air Force. MAUS Il is a
portable C-scan inspection system that
integrates several traditional inspection
techniques into asingle padkage. Detection
capabilities include pulse echo ultrasonics,
ultrasonic resonance, eddy current, and
external DC voltages. Inspection app lications
include metallics, monolithic comp osites,
hybrid comp osite/metallic, and bonded
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structures. The improvement represented in
this piece of equipment is the integration of
several separate techniques into a single
package and the ability to scan larger areas
quickly and efficiently. Boeing is coming out
with a MAUS IV line.

Magneto-Optic Eddy Current
Imaging (MOI). MOI images result from
the response of the Faraday magneto-optic
sensor to weak magnetic fields that are
generated when eddy currents induced by
the MOI interact with defects in the
inspected material. Images appear directly at
the sensor and can be viewed directly or
imaged by a small CCD camera located
inside the imaging unit. The operator views
the image on the video monitor while moving
the imaging head continuously along the area
to be inspected. In contrast to conventional
eddy current methods, the MOI images
resemble the defects that produce them,
making the interpretation of the results more
intuitive than the interpretation of traces on
a CRT screen. Rivet holes, cracks and
subsurface corrosion are readily visible. The
image is in video format and therefore easily
recorded for documentation.

2.2.3 Ultrasonic

Ultrasonic inspection utilizes high-
frequency sound waves as a means of
detecting discontinuities in parts. Ultrasonic
(above human hearing range) sound waves
are sent into the material to be examined.
The waves travel through the materials and
are reflected from the interfaces, such as
internal defects and the back surface of the
material. The reflected beam is displayed and
analyzed to determine the condition of the
part.

Ultrasonic testing is accomplished by
sending an electrical pulse to a transducer.




This pulse causes the transducer to send a
pulse of high frequency sound into the part.
A coupling medium, such as water, between
the transducer and the material is required.
This pulse travels through the material until
it reflects from a discontinuity or from a
back surface. The reflected pulse is received
by the transducer and converted back into an
electrical signal. This signal is displayed on
an oscilloscope for analysis. By examining
the variations of a given response pattern,
discontinuities are identified.

2.2.3.1 Techniques and
Technologies

Techniques have been developed to
employ different kinds of waves, depending
on the type of inspection desired.
Longitudinal waves, also called compression
waves, are the type most widely used. They
occur when the beam enters the surface at an
angle near 90 degrees. These waves travel
through materials as a series of alternate
compressions and dilations in which the
vibrations of the particles are parallel to the
direction of the wave travel. This wave is
easily generated, easily detected, and has a
high velocity of travel in most materials.
Longitudinal waves are used for the
detection and location of defects that present
a reasonably large frontal area parallel to the
surface from which the test is being made,
such as for corrosion loss and delaminations.
They are not very effective, however, for the
detection of cracks which are perpendicular
to the surface.

Shear waves (transverse waves) are also
used extensively in ultrasonic inspection and
are generated when the beam enters the
surface at moderate angles. Shear wave
motion is similar to the vibrations of a rope
that is being shaken rhythmically; particle
vibration is perpendicular to the direction of
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propagation. Unlike longitudinal waves,
shear waves do not travel far in liquids.
Shear waves have a velocity that is about 50
percent of longitudinal waves in the same
material. They also have a shorter
wavelength than longitudinal waves, which
makes them more sensitive to small
inclusions. This also makes them more easily
scattered and reduces penetration.

Surface waves (Rayleigh waves) occur
when the beam enters the material at a
shallow angle. They travel with little
attenuation in the direction of the
propagation, but their energy decreases
rapidly as the wave penetrates below the
surface. They are affected by variations in
hardness, plated coatings, shot peening, and
surface cracks, and are easily dampened by
dirt or grease on the specimen.

Lamb waves, also known as plate waves
and guided waves, occur when ultrasonic
vibrations are introduced at an angle into a
relatively thin sheet. A Lamb wave consists
of a complex vibration that occurs
throughout the thickness of the material,
somewhat like the motion of surface waves.
The propagation characteristics of Lamb
waves depend on the density, elastic
properties, and structure of the material as
well as the thickness of the test piece and
the frequency of vibrations. There are two
basic forms of Lamb waves: symmetrical
(dilational) and asymmetrical (bending). Each
form is further subdivided into several
modes having different velocities that can be
controlled by the angle at which the waves
enter the test piece. Lamb waves can be used
for detecting voids in laminated structures,
such as sandwich panels and other thin,
bonded, laminated structures.
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2.2.3.2 Advantages and
Disadvantages

The advantages of using ultrasonic
inspection techniques include:

e Its versatility in requiring access to only
one surface of the specimen and the wide
range of materials and thicknesses that
can be inspected

¢ Rapid response of the system,

e The capability of automating the
inspection application

e Accuracy in determining flaw position
and size

e High sensitivity permitting detection of
minute defects

e Detection of both surface and subsurface
flaws

e Permanent data storage

e Minimal part preparation and special
safety precautions.

Ultrasonic inspection yields immediate
results which can be viewed on an
oscilloscope or detected audibly, enabling a
relatively rapid rate of inspection. Contact
type ultrasonic equipment is highly
portable, hand held, and lightweight.

The disadvantages of the ultrasonic test
method are that, except for simple thickness
measurements, it requires a high degree of
experience and skill to set up the inspection
and interpret the results, and both couplant
and reference standards are required.

2.2.3.3 ~ Current Research
Dripless Bubbler. One of the most
promising improvements to ultrasonic
testing technology is the dripless bubbler.
This is a development not in the ultrasonic
probe itself but in the mechanism for
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employing it consistently on curved,
irregular, vertical, and inverted surfaces. The
dripless bubbler itself is a pneumatically
powered device to hold a water column
between the ultrasonic probe and inspected
surface. With software control of the
movement of the probe, a fast and accurate
map of the inspected surface can be

- obtained. Thus the progress is in the

efficient manipulation of the sensor and the
rapid processing of the data for further
human analysis. The dripless bubbler is a
development of the Iowa State University
Center for Nondestructive Evaluation
(CNDE).

Laser Ultrasound. There is also emerging
interest in the area of laser ultrasonics, or
laser-based ultrasound (LUS). The
innovation is in the use of laser energy to
generate sound waves in a solid. This
obviates the need for a couplant between the
transducer and the surface of the inspected
material. The initial application of this new
technology seems to be directed toward
process control. Regardless, the technology
does have application for thickness
measurement, inspection of welds and joints,
surface and bulk flaw detection on a variety
of materials, and characterization of
corrosion and porosity on metals. The
Department of Energy is in the formative
stages of developing and sponsoring a LUS
research program. This technology is in the
laboratory stage. In Canada, the Industrial
Materials Institute of NRCC, in partnership

- with NRCC/IAR, has been developing laser
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UT for corrosion detection since 1996. Lap
joint corrosion and exfoliation in thick
section aluminum alloys are being addressed
in a program sponsored by the Canadian
DND.




2.2.4 Radiography

Radiographic inspection is a
nondestructive method of inspecting
materials for surface and subsurface
discontinuities. This method utilizes radiation
in the form of either x-rays or gamma rays,
both of which are electromagnetic waves of
very short wavelength. The waves penetrate
the material and are absorbed, depending on
the thickness or the density of the material
beingexamined. By recording the differences
in absorption of the transmitted waves,
variations on the material can be detected.
The variations in transmitted waves may be
recorded by either film or electronic devices,
providing a two-dimensional image that
requires interpretation. The method is
sensttive to any discontmuities that affect the
absorption characteristics of the material.

Neutron radiography is aspecial purpose
form of radiography that employs high
energy neutrons to penetrate structures and
materials to form similar images, either on
film or displays, of the internal structures and
possble defects due to cracks and corrosion.

2.2.4.1 Techniques and
Technologies

The techniques and technologies of
radiography have most to do with the design
of the x-ray tube itself. There are many
different types of tubes used for special
applications. The most common is the
directional tube, which emits radiation
perpendicular to the long axis of the tube in a
cone of approximately 40 degrees. Another
type is the panoramic tube, which emits x-
rays in a complete 360 degree circle. This
type of tube would be used, for example, to
examine the girth welds in a jet engine with a
single exposure.

Advanced uses of radiography are being
made with the aid of computers and high
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powered algorithms to manipulate the data.
This is termed Computed Tomography, or
CT Scanning. By scanning a part from many
directions in the same plane, a cross-
sectional view of the part can be generated,
and the internal structure may be displayed
in a two dimensional view. The tremendous
advantage of this method is that internal
dimensions can be measured very accurately
to determine such conditions as wall thinning
in tubes, size of internal discontinuities, ‘
relative shapes and contours. More advanced
systems can generate three dimensional
scans when more than one plane is scanned.
CT scanning is costly and time consuming.
Radiography in general and CT scanning in
particular are extremely useful in validating
and calibrating other, less complex and less
costly methods.

Radioisotope sources can be used in
place of x-ray tubes. Radioisotope
equipment has inherent hazards, and great
care must be taken with its use. Only fully
trained and licensed personnel should work
with this equipment. As with x-rays, the
most common method of measuring gamma
ray transmission is with film.

Neutron radiography has found
application in Canada and the United States.
Neutron radiography requires a high-energy
neutron source, such as a nuclear reactor.
The high neutron flux makes possible high
resolution imaging of relatively large
structures not practical with generator or
isotope sources. Neutron radiography
equipment is expensive and entails radiation
hazards.

2.2.4.2 Advantages and
Disadvantages

The advantages of radiography include
the detection of both surface and subsurface
flaws and the ability to use it on all




BINIT

materials. It is also a very useful method for
detecting different types of flaws, such as
corrosion, voids, and variations in density
and thickness. All of the test results can be
recorded permanently on film.

The disadvantages of radiography are that
operators require training as interpretation is
sometimes difficult, orientation of the
equipment and the flaw is critical, and the
equipment is relatively high in cost. Also,
there is no ndication of flaw depth unless
mulkiple exposures are made. Other factors
include that a radiation hazard exists and film
development time i required

Since x-rays and gammarays are
excessively harmful to living tissue, extensive
care must be used during application to
protect nearby personnel and equipment. X-
rays and gamma rays cannot be seen, felt, or
detected without special equipment. Tissue
damage can occur without any physical
awareness of the radiation. Protection from
radiation can be obtained with barriers ofhigh
density materials such as lead or concrete.
Protection may also be provided by providing
a buffer zone around the radiation source. The
employment of radiation producingequipment
is sometimes controlled by state or other
agencies.

2.2.4.3 Current Research

CT scanners are useful for small
component inspections or failure analysis of
assemblies that can fit within the object
handling capabilities of the scanners. Many
aerospace companies use CT to support
their development testing and inspection
efforts. Because of the high cost of
equipment and facilities, CT has not yet
been employed to a large degree for routine
aircraft inspections, including corrosion
inspections.
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Compton backscatter imaging (CBI) is
emergingas anear surface NDI measurement
and imagng technique. CBI can detect critical
embedded flaws such as cracks, corrosion and
delaminations in metal and comp osite aircraft
structures. In CBI, a tomographic image of the
inspection layer i obtained by raster scanning
the collimated source-detector assembly over
the object and storingthe measured signal as a
function of position. Rather than measuring
the x-rays that pass through the object, CBI
measures the backscattered beam to generate
the image. This enables sinde-sided
measurement.

2.2.5 Thermography

Thermography is based on the principle
that a good mechanical bond between two
materials is also a good thermal bond. The
temperature distribution on an aircraft skin
or component can be measured optically by
the radiation that it produces at infrared
wavelengths. Several techniques have been
developed that use this temperature
information to characterize the thermal - and
therefore the structural - properties of the
sample being tested.

M any defects affect the thermal
properties of those materials. Examples are
corrosion, debonds, cracks, impact damage,
panel thinning, and water ingress into
composite or honey comb materials. By
judicious application of external heat sources,
these common aircraft defects can be detected
by an appropriate infrared survey. Several
organizations have demonstrated techniques
for infrared structural inspection of aircraft in
field tests at maintenance facilities. However,
none of these techniques is at present in
widespread use in the aviation field. Use of
thermography techniques currently range
from laboratory investigations to fielded
equipment. The more advanced systems are




in the prototype stage, and their design and
operational feasibility for use ontransport
aircraft are being evaluated.

Thermography in its basic form does not
seem to be widely employed. An advanced
thermographic NDI system can be
purchased directly or assembled from
components purchased from a variety of
sources. Due to the cost of infrared
detectors, the cost of a system will be in the
$100K to $300K range. Because of the high
price and the lack of original equipment
manufacturer (OEM) and regulatory
approval for use of these methods, sales for
aircraft maintenance inspections have been
limited.

2.2.5.1 Current Research

Wayne State University and Thermal
Wave Imaging, Inc. perform research in the
area of thermal wave imaging This technology
uses heat pulses to inspect subsurface features
of solid objects. The thermal pulses are
produced by flash lamps. Pulse reflections are
recorded and viewed in the time domain much
like ultrasonics. This technology can be used
to assess impact damage, disbonds and
delaminations in comp osites, and corrosion
damage. It provides quantitative thickness
measurenment of the inspected material.

The raw image displayed by an IR camera
only conveys information about the
temperature and emissivity of the surface of
the target it views. To gin information about
the internal structure of the target, it is
necessary to observe thetarget as it is either
beingheated or as it cools. Sinceit takes heat
from the surface longer to reach adeeper
obstruction than a shallow one, the effect of
the shallow obstruction appears at the
surface earlier than that of a deep one. You
can think of this as a thermal pulse generated
at the front surface, which is then “reflected”
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off the back surface or a subsurface defect.
The thermal response to apulse over time,
color coded by time of arrival, is displayed as
a two dimensional, C-scan image for
interpretation by the operator.

This technology is being marketed under
the name EchoTherm by Thermal Wave
Imaging, Inc., which was originally created as
a small spin-off from Wayne State
University. It shows promise as a non-
intrusive means of inspecting fairly large
areas efficiently.

Lawrence Livermore National
Laboratory is working in the area of dual-
band infrared computed tomography (DBIR-
CT). This technique uses flash lamps to
excite the material with thermal pulses and
detectors in both the 3-5 and 8-12 micron
range to obtain the results. The DBIR-CT
technique gives three-dimensional, pulsed-IR
thermal images in which the thermal
excitation provides depth information, while
the use of tomographic mapping techniques
eliminates deep clutter. This technique is
computer-intensive and should be considered
an extension of the thermal wave imaging
technique described above.

2.2.5.2 Advantages and
Disadvantages

Thermography, in its basic form, has the
limitation of measuringonly the surface
temp erature of the inspected structure or
assembly. As such, it does not provide
detailed insight into defects or material loss
located more deeply in the structure. Because
it is an area-type technique, it is most useful
for identify ing areas that should be mspected
more carefully using more precise techniques,
such as eddy current and ultrasonic methods.

Thermal wave imaging overcomes some
of these limitations by measuring the time
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response of a thermal pulse rather than the
temperature response. The thermal p ulse
penetrates multiple layers where there is a
good mechanical bond between the layers.
The benefits of thermal wave imaging
technology include the ability to scan a
wide area quickly and provide fast,
quantitatively defined feedback with
minimal operator interpretation required.
Proponents state that thermal wave images
are easier to interpret than images based on
optical interference methods. Thermal wave
imaging does not require an electrically
conductive structure and can be emp loyed
on aluminum, plastics, steel, and
composites such as graphite epoxy. It is
less effective when dealing with highly
insulating materials like rubber or glass.

As would be expected, defects more

. deeply contained within the structure
produce blurred images compared to those
close to the surface. Additionally, highly
reflective surfaces must be coated with a
special solution that will absorb the IR light
of the flash lamps and will also provide
better emissivity of the response pulse for
the IR cameras.

The disadvantages of thermal wave
imaging relate to its precision and cost.
- Complexity is also a factor in that the
system is not a single, self-contained unit.
Thermal wave imaging is currently an area
technique that must be followed up with
point techniques, such as eddy current and
ultrasonic methods. With greater field
experience, this limitation may diminish. The
cost of a thermal wave imaging system is
approximately $110K per system - $60K
for the camera and $50K for the other
components. In comparison, a single point
ultrasound system costs approximately
$2.5K and a single point eddy current
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system costs about $6K. More advanced
techniques, such as dual band infrared
computed tomography, are more complex,
more expensive and less mature. Judgments
regarding advantages and disadvantages of
DBIR-CT would be premature.

2.2.6 Other Technologies

There are several other NDI/NDE
technologies that are useful for discovering
and characterizing defects such as cracks or
inclusions. However, these technologies do
not lend themselves to application to the
problem of corrosion detection. These
technologies include dye penetrant testing,
magnetic particle testing, and acoustic
emission testing.

One technology that encompasses many
of the individual technologies described
above is that of data fusion. While not
unique to the field of NDE/NDI, data fusion
is mentioned by many researchers as having
very interesting potential. Already, the
MAUS is a means for employing two
different sensors to the same problem,
although not simultaneously. The DBIR-CT
combines two different IR spectra with
computed tomography to generate three
dimensional information. Even so, there is
only isolated instances of data fusion
research applied to the NDE/NDI and that
only in certain combinations. Most
researchers in the field agree that this is an
under-explored area. It does have
implications of complexity and cost, which
may have limited its development thus far.

Several researchers are working on
embedded sensors that will indicate the
presence of corrosion. One such sensor is a
thin film device that is used to measure the
small currents between two metals subject to
galvanic corrosion. This device is quite good




at indicating the presence of a corrosive
environment and, by implication, corrosion
activity. To be useful for determination of
material loss, this device would require an
extensive data acquisition system to
determine the life history of corrosion
exposure. As such, it may be more useful for
correlating environmental exposure to rate of
corrosion in a prospective rather than
retrospective sense. Also, evaluation of
adhesives, coatings and sealants may be
possible without long exposure tests.

In addition to sensors themselves, there
is some work being done relative to
automation that has the potential to improve
the productivity of the inspection process.
The mobile automated scanning (MAUS)
concept was described earlier. In addition,
McDonnell Douglas (now Boeing)
Aerospace of St. Louis has developed a
gantry-based automated scanning system.
The Automated Ultrasonic Scanning System
- Generation Five (AUSS-V) was designed
for inspection of solid laminates and
adhesively bonded composite assemblies
which have complex contoured shapes.
AUSS-V provides simultaneous coordinated
control of nine axes of motion to maintain
squirter alignment relative to the inspection
surface. A three dimensional map of the
surface is generated and used to calculate
trajectories to track the surface during
inspection. The system is able to maintain
transducer alignment within 0.030 inch and
is especially useful for complex aerospace
composite structure inspection.

Current inspection techniques are
manpower intensive. Research into auto-
crawlers has demonstrated the potential to
improve this situation. Robotic or remote
controlled platforms that adhere to the
inspection surface using suction cups and
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that use various articulation mechanisms for
movement have been researched by the Jet
Propulsion Laboratory of NASA.

If successful, these devices woukd reduce
or obviate the need for complex work
platforms, cherry picker trucks, scaffolding,
gantries and other support equipment now
used to gain access to remote areas, such as the
tail assemblies of large aircraft. Such crawlers
could carry eddy current, uktrasonic, visual or
other sensor devices to perform the actual
insp ection. These devices could also overcome
some of the human limitations associated with
the repetitive and sometimes boring tasks
associated with insp ection. M iniaturization of
both the sensors and the carryingplatforms
may allow access to and inspection of areas
that are now normally inaccessibk to
conventional forms of inspection. The fuel
tanks in the outer wingsections of aircraft
come to mind as areas that are difficult or
impossible to inspect otherwise.

2.3Summary

Corrosion detection is a subset of the
larger fields of NonDestructive Evaluation
and NonDestructive Inspection. There is an
entire professional field associated with
NDE/NDI and a related field on corrosion
engineering. Corrosion itself is an extremely
complex subject, and corrosion engineering
combines several disciplines, including
mechanics, structures, materials science,
chemistry, physics, and numerous sensor
technologies. The many forms of corrosion
and the attendant damage that results further
complicates the subject. Furthermore,
corrosion detection is frequently combined
with other inspection requirements, such as
crack, fatigue and hardness testing.

As more technologies are being explored
for application to the corrosion detection




problem, different sensing
and measurement Technologies.
mechanisms come into play. Eddy current,
ultrasonic, and thermal wave imaging (singly
or in combination) measure electrical
impedance, ultrasonic attenuation, time of
travel, and thermal diffusion that are
dependent on the material thickness and any
flaws. Comparative measurements or
calibration of the parameters on known
specimens enable detection of flaws or
estimation of material thickness.

Comparison with reference documentation
allows the calculation of material lost due to
corrosion. Enhanced visual techniques detect
surface deformations caused by internal
formation of corrosion products. Correlation
with known specimens allows the estimation
of material volume, and therefore material
thickness, lost due to corrosion.
Radiography techniques can provide a
measurable image of the part in question and
can highlight the presence of the products of
corrosion.

Many of the technologies of NDE/NDI
lend themselves to the detection,
characterization and quantification of
corrosion damage. As new materials find use
in military systems, the strict definition of
corrosion being a metallic process may serve
to obscure the problem of deterioration in
composite and non-metallic structures.

The larger problem is the agng of military
systems to the point that they become
unreliable or even unsafe. We commonly think
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Table 2-2. Summary of Corrosion Detection NDE/NDI

of aircraft when considering corrosion because
they are designed with smaller margins of
safety and failures tend to be more dramatic.
Wealso tend to think of primary and
secondary structure as the areas most subject
to corrosion. However, engines and even wire
bundles experience corrosion and related
damage. It is safeto say that all military

sy stems exp erience corrosion to some degree.
Because military systems aretypically
employed in hostile and severe environments,
corrosion is an ever-present problem.

The users of corrosion detection
(NDI/NDE) equipment generally accept a
goal of being able to determine 10 percent
material loss. This number is somewhat
arbitrary and stems from airline experience
as much as anything. The scientific
community would like to be able to reliably
determine material loss in the range of 1
percent. As much as anything, this will
enable much greater precision in the
understanding of the RATE of corrosion
(and the underlying processes of corrosion,
especially in newer materials for which there
is not extensive field experience) and
therefore more accurate predictions of useful
service life and better recommendations for
inspection and maintenance intervals.
Therefore, much of the research and
development activities are aimed at this
order-of-magnitude improvement in the
accuracy of NDE/NDI.




Table 2-3. Corrosion Detection Technology R&D Trends.

Table 2-2, located to the
right, summarizes the major
advantages and
disadvantages of the
primary corrosion detection
and characterization
technologies.

Table 2-3, located on the
following page, highlights
corrosion detection
technology R&D trends.

The need for
quantitative corrosion NDI
is clear. The structural
engineering community
requires corrosion metrics to
feed into analytical models
capable of assessing the
effect of corrosion damage
on residual strength and
residual life of systems.
Without quantitative
corrosion NDI techniques,
probability of detection data
for NDI techniques cannot
be developed. Quantitative
data are needed for
continued inspection and
maintenance planning, and
for airworthiness
assessments.

3. TECHNOLOGY
APPLICATIONS
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chnology I

Enhanced
Visual

» Large area

coverage

* Very fast

* Very sensitive to
lap joint
corrosion

» Multi-layer

» Good resolution

» Can detect
material loss and
thickness

Thermograph | » Large area scan
y * Relatively high
throughput
* “Macro view” of

* Potential
accuracy
and reliability
improvements

Data fusion

.

Potfent

27

Disadvantages

. Quanxatin difficult

» Subjective - requires
experience

* Requires surface preparation

» Single-sided

* Requires couplant

* Cannot assess multiple layers
» Low throughput

e

* Complex equipment
* Layered structures are a
problem

* Precision of measurements




The typical process of finding and availability. If additional inspection is

Technology Observed Trend

Enhanced Visual

Ultrasonic

identifying corrosion begins with visual

« Solid film highlighters for consistent and repeatable
reflectivity

« Scanner based systems leading to quanitification of
corrosion

* Automation of image interpretation to reduce false call
rate

« More efficient scanning methods (dripless bubbler,
gantrys, etc.) ,
* Dry couplants (including laser stimulation)

5
G ¢ i

» Time domain analysis (thermal wave imaging)
» Multi-spectral (dual-band infrared) 4

ik v

» Three-dimensional image processing (computed
tomography)

7 s

determined to be necessary, it is usually

inspection. Clearly, any damage that can be conducted by specialists under controlled
observed by visual means will require closer conditions, such as in a protected space or in
inspection. Field inspection by other means an NDI laboratory.

usually entails eddy current and/or ultrasonic
inspection. These types of inspections can
normally be accomplished during routine
maintenance without impacting operational
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3.1Air Applications

The primary technology application in
the air arena is visual insp ection techniques.
M aintenance preflight inspections, pilot
visual inspections and maintenance post-
flight inspections depend mainly on visual
techniques. Visual techniques are non-
quantitative and rely heavily on the expertise
of the individual inspector. Where visual
techniques identify suspicious areas, more
precise technologies and techniques are
employed. The primary technologies in use
are eddy current and ultrasonic. Eddy current
equipment has the advantage of being both
affordable and portable. Ultrasonic
equipment is somewhat encumbered by the
paraphernalia associated with the couplant
medium. The following are some of the
common areas of aircraft that are of special
interest:

e Control surfaces

e Lap joints

e Surfaces under doubling material

e Fuselage and wing skins and fasteners
e Floorboards, helicopter graphite epoxy
e Bilge, galley, and latrine areas

e Shell and missile casings, and storage
containers

e  Windshield frames

e Access doors.

3.2Sea Applications

Combat ships are very susceptibleto
corrosion, as one would expect. There are,
however, specific areas on ships that comprise
the top corrosion problems. These include:

e Connectors

e Launchers
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o  Waveguides

e Cooling Water

e Reflectors

e Radomes

. Grounding. Straps

e Vents and Motors

e Pedestals

e Antennas

e  Submarine tiles

e Surfaces behind or under insulation
e Composite antenna structures
e High pressure piping

¢  Gun barrels

o Elevator cable, wire rope

e Boilers

e Condensers

e Propulsion shafting

e Mast fairings

e Bilge, galley, latrine areas

e  Shell and missile casings.

3.3Land Applications

Field maintenance of military equipment
sometimes suffers from overemphasis of
cosmetic appearance which may mask
serious corrosion problems. The complexity
of the structure of many systems
contributes to this problem. For example,
cleaning and repainting of trucks and tanks
may hide corrosion problems that exist
behind external stowage boxes, ammunition
boxes, and other areas that are not easily
accessed.

Areas of special interest include:

e Welds and rivets

s
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e Sheet metal and joints, vehicle cabs
e  Shell and missile casings

e Storage container brass plugs

o Artillery fuzes

e Exposed gears and mechanisms

e Armor, depleted uranium.

3.4Summary

The areas where corrosion occurs, the
materials in which it occurs, and the
conditions under which it occurs all combine
to make the inspection for and detection of
corrosion a very difficult matter.

4. CORROSION COSTS

As long as corrosion exists, there will
always be some costs attributable to its
prevention and correction. For the purposes
of this study, we are primarily interested in
the avoidable costs. Avoidable costs are
those that could be influenced by deliberate
investment in prevention, detection and
correction. Decisions regarding avoidable
costs are usually treated as “return on
investment’ economic decisions. Some
commands look for a five-year or better
payback on corrosion investments.
Similarly, any investment that can reduce
manpower requirements are especially
appealing, particularly in manpower limited
situations, such as onboard ships.

The point at which any system should
be retired, whether it is a transport aircraft
or a personal automobile, is a complex
determination. In general, replacement will
occur when the system or item of equipment
reaches the point of economical repair, i.e.,
when the cost to repair exceeds some
fraction of the cost of replacement. This
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fraction will be influenced by military need,
and military need has kept many systems in
the active inventory much longer than
planned for initially.

Furthermore, the decision to retire an
item of equipment may be driven by several
different factors. For example, retirement of
a transport aircraft could be determined by
the fatigue age of the airframe, the cost of
operation, the availability of replacement
parts, or the lack of logistic support for the
engines. Therefore, corrosion would be only
one of several possible factors taken into
account in making such a decision.

The costs attributable to corrosion will
fall into two distinct categories, direct and
indirect. Direct costs will be those associated
with the detection, evaluation, repair and
testing of defects caused by corrosion.
Direct costs can be considered as avoidable.
Indirect costs would include the cost
associated with building appropriate
facilities for accomplishing corrosion
maintenance, the cost of maintaining and
conducting formal schools for the training of
corrosion technicians, the cost in labor hours
for annual training of corrosion maintenance
technicians, and the cost to procure,
distribute and install specialized equipment
in corrosion control shops. Indirect costs are
not directly accounted for and are therefore
much more difficult to determine.

As to the purpose of this study,
improvements in corrosion detection
technology could be expected to decrease
direct costs by:

e Decreasing the labor hours for
inspection and repair of weapons
systems for corrosion

¢ Reducing the materiel requirements for
correction of corrosion damage




e Reducing unnecessary maintenance
when it can be shown that such
maintenance is not required [1.e.,
structural tear down and destructive
testing]

e Reducing the training requirements and
skill level required to perform adequate
corrosion maintenance

e and to decrease indirect costs by:

e Decreasing the down time of weapons
systems for corrosion maintenance

e Extending the service life of weapons
systems by improving the detection and
correction of corrosion in its earliest
stages

e Simplifying the training (both initial and
periodic) of corrosion specialists

e Improving corrosion maintenance
policies to more accurately reflect the
actual condition of each weapon system.

4.1Defense

Previous studies have estimated that the
total cost of corrosion in the U.S. economy
is on the order of 4 percent of Gross
Domestic Product. Given that the U.S. has a
greater than $7T (trillion) GDP, the impact

of corrosion would be approximately $280B.

These same studies identified total corrosion
costs in the Federal Government sector at
about $8B, or approximately 2 percent of
the budget. Because the DoD has a higher
proportion of equipment and facilities than
the typical government agency, it would be
reasonable to suggest that at least 3-4
percent of the Defense budget is directly or
indirectly influenced by the impact of
corrosion on weapons systems, equipment
and facilities.
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Defense costs also will be influenced by
the rate of replacement of weapons systems.
Several weapons systems in the U.S. DoD
inventory have an average age of more than
30 years, while the average age of land
vehicles in the civilian economy is much less.
This would indicate that the proportion of
expenditures needed to maintain older fleets
of vehicles is higher in the defense
community than it is in the civilian
community, and the cost impact of corrosion
is correspondingly higher.

4.1.1 U.S. Defense

Due to the accounting practices in the
maintenance area, it is difficult to precisely
determine costs of corrosion in defense
expenditures. The data are not complete and
much of the evidence is anecdotal in nature.
However, certain trends are clear and
inferences can be made. The U.S. defense
establishment annually expends
approximately $245B per year. If the defense
economy mirrors the overall economy in
general and corrosion costs are on the order of
4 percent of the economy, then the total cost
of corrosion related activities in DoD would
be onthe order of $10B, the avoidable costs
related to corrosion would be approximately
$2.5Bper year.

This estimate is supported by other
sources. A study sponsored by the
Defense Technical Information Center
(DTIC) and published in February 1996
came to a similar conclusion. This study,
titled “Corrosion in*DoD Systems: Data
Collection and Analysis (Phase I),” stated
that “... the cost estimates for expenses
related to corrosion within the DoD alone
can reach $10B annually.” This study
tends to confirm the conclusion reached
above, that the total cost impact of




corrosion to the DoD is on the order of
$10B per year.

There have been bottom-up estimates
generated by individual services. A 1990
study by the Air Force identified corrosion
related costs, identified by weapon system,
at ap proximately $718M per year. This
amounts to about 1 percent of the total Air
Force budget for that year. Given that the
Army, Navy and the Marine Corps have
equally severe corrosion problems, it would
be reasonable to conclude that total DoD
costs would be approximately 3 times
those of the Air Force, or somewhat more
than $2B. This estimate is consistent with
the “top-down” estimate described above.
A recent update to the 1990 Air Force
study identifies Fiscal Year 1997 costs at
approximately $795M.

The Air Force Corrosion Program
Office at the Warner-Robins Air Logistics
Center periodically summarizes the
identifiable costs of corrosion related
maint enance within the U.S. Air Force. For
their purposes, corrosion maintenance
includes all corrosion treatment, all
painting, all p rotective coating removal and
re-ap plication, washing, and inspection for
corrosion. Their data include base level
maint enance and depot level maintenance.
They note that 85 percent of the costs are
incurred at the depot level. The most recent
study identified 1997 costs of
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Table 4-1. U.S. Air Force Total Costs -

Element otal FY97$ | % of Total

i

$794,827,154. A similar assessment in
1990 identified costs of $720,457,091. The
1990 cost, escalated by standard methods,
would be equivalent to $858,784,857 in
1997 dollars. That the 1997 actual costs are
less probably reflect the downsizing of the
“fleet that has occurred in the intervening
seven years as many older, high
maint enance cost systems, such as the F-4
and most of the F-111s, have been retired.
Table 4.1, at the top of the next column,
shows how the costs due to corrosion are
distributed.

Table 4-2 below provides examples of
the costs attributable to corrosion for
particular weapon systems. These data are
based on a 1990 study sponsored by the Air
Force Corrosion Program Office.
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Note that three systems, the B-52, the C- would be expected, is that as aircraft age, the
130 and the KC-135, account for 40 percent relative cost of maintenance and repair
of the total of $720M described eardier. It is attributable to corrosion increases
clear that corrosion costs are greater for larger significantly. In 1990, the average cost per
aircraft and for older aircraft, as one would aircraft was $62,611. In 1997, the average
expect. The reason for the relatively low cost cost was $104,872, an increase of 59 percent.
for the B-1B is unclear. Examiningthe cost These data suggest that corrosion costs per
changes on a per aircraft basis between 1990 aircraft have been increasing at an average
and 1997 provides some interestingresults, annual rate of 6.8 percent, substantially
as seen in Table 4-3, which summarizes for greater than the overall rate of inflation.
the same example set of aircraft. Corrosion costs in the U.S. Navy
Certain figures above stand out. It is (includingthe U.S. Marine Corps) are not
illuminating to note that the costs per aircraft as thoroughly documented. However,
for some, but not all, have increased certain studies give interesting insights into
substantially. The reasons for this are the overall cost impact of corrosion from
probzbly many. The basingof A-10 aircraft several different aspects. The previously
at western desert bases would decrease costs. mentioned DTIC study included the H-46
Improvement of the cost accounting may helicopter aircraft as a case study. Annual
account for both positive and negative Table 4-2. Example U.S. Air Force Costs
changes. What is most clear, however, is that by Weapon System.
the cost per aircraft for most types, and Weapon Total Cost Cost Per
especially for large aircraft, has increased System (SM - 1990) | Aircraft ($K)

dramatically inthe past 7 years when these
studies were conducted. The general trend, as

7y

Table 4-3. Changes in Cost Per Aircraftp k999s139]

Weapon System Cost Per Aircraft | Csst Per Aircraft | Percent Change, m
(1990 §, K) (1997 §, K) 1990 - 1997

B-1 Bomber

Fleet Average $ 66.1 $104.9 +59%
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corrosion costs were divided into direct
costs and safety costs, a breakout not
available elsewhere. Direct costs for a fleet
of 325 airframes were identified as

app roximately $135M per year, or $420K
per aircraft per year. This is substantially
more than the cost for any single U.S. Air
Force ty pe/fleet of aircraft. Since 1980, the
safety costs of H-46 mishaps where
corrosion was either a direct cause factor
or a probable cause factor (mishaps that
include 11 fatalities, 7 lost aircraft and 25
damaged aircraft) total approximately
$140M. We note here that the average age
of the H-46 fleet is over 32 years with
plans to keep the aircraft in service until
the year 2015.

US Army costs attributable to corrosion
are also not well recorded. However, a 1986
study undertaken by the U.S. Army
Materials Technology Laboratory, the
results of which appear in Table 4.4, is
illuminating. This study examined the
corrosion-related costs from 1985 through
1986 on the five-ton, 800-series truck, of
which 17,396 had been procured at that
time. The size of this fleet should be a good
indication of costs in similar ground vehicles.
This study included the cost of downtime, a
cost element not considered elsewhere but
real nonetheless. The cost of downtime is
reflected, at least in part, by the requirement
to procure extra quantities of vehicles in
order to provide a minimum number of
combat-ready vehicles at any one time. This
is an example of the force structure
discussion earlier. This study found that the
average cost per year for parts, labor,
replacement and downtime for this fleet of
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trucks was $7.8M. This amounted to $453
per truck per year. These dollar figures are in
1986 dollars.

These data are only for the U.S. Army
fleet of 5-ton trucks. When one considers all
the other land vehicles, aircraft and even
boats in the U.S. Army inventory, the cost
impact of corrosion is much larger. How
much larger cannot be precisely determined
from the data currently available.

4.1.2 Canadian Defense Costs

The 1997 defense budget of Canada is
approximately $7.1B (US dollars). Using the
same heuristic as developed in paragraph 4.1
above, the total cost impact of corrosion on
the Canadian defense budget would be
approximately $284M. The direct cost of
corrosion related maintenance, repair and
replacement activities would be on the order
of $70M (USD). Using the same estimating
procedure, the 1998 cost of corrosion-related
activities would be approximately $67M
(USD), based on a slightly reduced budget.

4.1.3 Australian Defense Costs

The 1997 defense budget of Australia
approximately $7.8B (US dollars). Using the
same heuristic as developed in paragraph 4.1
above, the total cost impact of corrosion on
the Australian defense budget would be
roughly $312M. The direct cost of corrosion
related maintenance, rep air and rep lacement
activities would be on the order of $78M
(USD). Usingthe same estimatingprocedure,
the 1998 cost of corrosion-related activities
would be approximately $81M (USD) based
on a small increase in the budget.




The Corrosion Prevention Centre of
Australia, Inc. (CPC), cites a 1983 report
(entitled “Corrosion in Australia: The
Report of the Australian National Centre for
Corrosion Prevention and Control
Feasibility Study”) that concluded that the
avoidable cost of corrosion in Australia was
“around $2 Billion in 1982 AS.” The CPC
also estimates that the total cost of corrosion
is about 3 times the avoidable cost. The CPC
suggests that an alternative estimate is that
the total cost of corrosion is around 4
percent of GNP. Based on a 1997 GDP of
$405B, the total cost of corrosion to the
Australian economy would be on the order
of $16B while the avoidable costs would be
approximately $4B. Applying that same
proportion to the Australian Defence Budget
yields a direct cost of corrosion (to the
defense establishment) of approximately
$78M.

4.1.4 Summary

Table 4-4. Total Corrosion Costs, U.S. Army 800-Series

Trucks.

Parts/Labor/
Downtime Per Truck

1985 $367.77 47,000

Estimated Number Total
of 5-ton Trucks

prevention a tempting target for future
R&D.

4.2Commercial

It has been estimated that corrosion of
metals costs the United States economy
almost $300B per year. Approximately one-
third of these costs could be reduced by
broader application of corrosion resistant
materials and the application of best
corrosion-related technical practices. A
smaller but not insubstantial portion would
be impacted by the application of improved
corrosion detection technologies.

The original study by Batelle, based on
an elaborate model of more than 130
economic sectors, found that in 1975,
metallic corrosion cost the U.S. $82B, or 4.9
percent of its Gross National Product. It
was also found that 60 percent of that cost
was unavoidable. The remaining $33B (40
percent) was incurred by failure to use the
best practices then known. These were
referred to as
avoidable costs.

Ina 1995
update to the
original study, the
panel estimated

§ 17,285,190 that avoidable

Combined, the defense establishments of
the three NATIBO sponsor countries
expend on the order of $2.1B per year on
corrosion related activities and equipment.
These costs could be reduced with better
NDE/NDI and corrosion detection
technology, and productivity improvements
in the maintenance areas. The magnitude of
these expenditures would make the area of
corrosion detection, characterization, and
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corrosion costs
were now 35 percent of the total of nearly
$300B but still accounted for over $100B
per year. This figure represents a cost to the
economy that may be reduced by a broader
application of corrosion-resistant materials,
improvements in corrosion prevention
practices, and benefits from investment in
corrosion related research.

The commercial sector costs of corrosion
are particularly relevant to this study. For




example, these costs include a tremendous
amount of national infrastructure in roads,
bridges, and utility systems managed by
literally thousands of governments and
corporations. Costs and investments on the
purely commercial side will have clear
economic incentives. Costs and investments
on the governmental side will have the added
complexity of political and tax revenue
implications.

4.3Summary

The cost impact of corrosion is
substantial and difficult to quantify. The
costs that can be avoided by the deployment
of improved corrosion detection technology
cannot be precisely determined but are a
significant portion of the total. While cost 1s
a major factor in making decisions regarding
investments in the corrosion detection
technology area, other factors bear on these
decisions as well. These factors include the
confidence level in the safety and
effectiveness of mission critical systems and
those components in which their failure
could cause serious injury or loss of life.

Improved corrosion detection could
increase maintenance costs earlier on in the
life cycle of a system, but in all likelihood
would contribute to the reduced life cycle
cost of maintaining the system in mission
readiness state in the course of its service
life. Currently, some amount of corrosion
damage in weapons systems goes
undetected. If better or broader application
of technology finds more corrosion earlier
on, then corrosion control and prevention
measures can be deployed at that stage.
Thus, more extensive corrosion damage
would be avoided and the extension of
service life of a system could be realized.
Other positives associated with such an
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increase would include a higher degree of
confidence in the structural integrity (and
therefore safety, reliability and longer useful
life) of fielded systems.

As the force structure ages (i.e., the
average age of fielded systems, however
measured), the question becomes one of
investment in technologies, equipment,
facilities, training and personnel that will
help to assure that the force structure
remains militarily effective. In many cases,
the option to replace entire items does not
exist. We cannot replace a retired aircraft
with new production if that system is no
longer in production. In this instance,
extraordinary investment may be required to
keep the system in the active inventory
while replacement systems are developed
and deployed.

While the annual cost of corrosion is
interesting, the more relevant question would
be, “What is the appropriate level of future
investment in corrosion detection technology
to help assure the future safety and
reliability of the planned operational force
structure?” This question should be
answered in the form of bottom-up budget
requests generated by the logistics
communities of the individual Services in
light of established military requirements to
field safe and effective systems for some
prescribed period of time. More specifically
for the purposes of this NATIBO-
sponsored study, the question becomes:
“What corrosion detection technology could
be advanced in the near term that would have
a significant impact on reducing the impact
of corrosion on military and commercial
systems?”




5. Corrosion Detection
Technologies Research and
Application Activities

5.1Introduction

The following sections describe some of
the corrosion detection technology research
and application activities going on within the
U.S., Canadian and Australian defense sector
as well as within other government
organizations. Commercial sector activities
and academic institution activities are also
documented. This list is not intended to be
all-inclusive but provide a snapshot of some
of the major developments that are
occurring.

5.2Defense Sponsored Activities

The military is considered the primary
corrosion detection technology driver. This
is due in part to the fact that military
systems typically are fielded longer, have
higher cycle rates and operate in more
corrosive environments than commercial
systems. And with the continual decline in
defense spending, the service life for defense
systems will be extended even longer with a
consequent focus on reducing maintenance
costs for these existing systems.

5.2.1 U.S. Activities

Corrosion is considered to be the number
one cost driver in life cycle costs of DoD
weapon systems. Throughout the DoD,
corrosion is regarded as less of a safety or
technical issue but rather more of an
economic issue. This is because the
corrosion problems encountered by the
military in their defense systems has been
detected and repaired before it could become
a safety problem. Currently, corrosion
prevention is a higher priority within the
military sector.
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Technology has been identified as one of
the primary mean of reducing the impact of
corrosion on DoD weapon systems. One
way is to implement more corrosion
resistant materials into the defense systems.
This could be accomplished by making
materials more corrosion resistant by using
corrosion inhibitors, surface treatments, and
coatings. Implementing a decision making aid
would also be useful and provide a
systematic way to model the long-term
corrosion performance of various materials
and structures in order to determine the
optimal corrosion prevention and control
program for new weapon systems during the
acquisition cycle and throughout the service
life of the system.

The other way in which technology
could be employed to combat the effects of
corrosion in systems is to aid maintenance
personnel in locating corrosion sites and
providing them with optimal solutions to
correcting the problems. The DoD S&T
community is researching a number of
different technologies to achieve these goals.

5.2.1.1 U.S. Air Force

Like the other Services, the Air Force
budget to build new defense systems has
been reduced and, in resp onse, the Air
Force is looking for ways to extend the
service life of their existing aircraft in order
to meet mission demands. The U.S. Air
Force has many old (20 to 35+ years)
aircraft that are the backbone of the total
operational force. All of these older aircraft
have encountered, or can be expected to
encounter, aging problems such as fatigue
cracking, stress corrosion cracking,
corrosion, and wear. Extending the service
life and use of these aircraft has resulted in
increased maint enance and repair costs due




BOIT

-’

to structural cracking and corrosion
problems.

In the late 1950s, the Air Force started
to develop an engineering process for
systematically controlling the causes of
fatigue failure of its aircraft structure. The
process was institutionalized as the aircraft
structural integrity program (ASIP) in 1958.
As aresult of a F-111 accident and C-5A
wing cracking problems in the late 1960s and
early 1970s, the Air Force’s ASIP process
was extensively modified. Changes were put
into effect to control aircraft fatigue cracking,
by requiring systematic damage tolerance
assessments, whereby the designs account
for the presence of preexisting cracks. The
design assumed that flaws, defects, and
material anomalies could be present at the
time of manufacturing and/or immediately
after in-service inspections, and that if these
cracks grew, these cracks would never reach
a size which would jeopardize aircraft
safety. The ASIP process ensures that
fatigue cracking is controlled throughout the
operational life of the aircraft.

In the Air Force, each aircraft (weapon
system) has a force structural management
plan (FSMP), which was required as part of
the ASIP process. The aircraft’s FSMP was
based on a durability and damage tolerant
assessment (DADTA) of the airframe
subjected to anticipated operational service
and anticipated damage scenarios. This plan
guides the inspection, assessment, repair,
and maintenance of the airframe according to
how the aircraft is being operated. Between
1975 and 1990, the Air Force spent
approximately 1 million man hours
conducting DADTAS on its aircraft and
updating their FSMPs. Updating the FSMP
reestablishes the remaining service life of the
structure (in terms of expected operations)
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and forecasts the expected structural
maintenance costs associated with this
service life goal. It is the responsibility of
the major operating commands
(MAJCOMs) and aircraft weapon system
program office (SPO) to manage this part of
the process.

Through the Aircraft Structural Integrity
Program and through durability and damage
tolerance assessments of older aircraft, the
Air Force has identified many potential
problems and developed individual tracking
programs and structural maintenance plans.
However, most of the effects of corrosion
are not reflected in aircraft structural
integrity models, even though corrosion is
one of the most costly maintenance
problems for Air Force aging aircraft.

The Air Force’s R&D community is
responsible for supporting this engineering
and management process by improving the
technology products and delivering these in a
form which facilitates their application by
the sustainment community user. One such
R&D product being researched is an
inexpensive, user-friendly nondestructive
inspection system which has wide ranging
capability for detecting subsurface (hidden)
cracking or corrosion damage.

Extensive interactions between the Air
Force R&D and sustainment communities
are required to establish the class of
sustainment problems which are causing
safety and economic concerns. As
technology products are defined in response
to these needs, the R&D community is
working together with the users in
establishing the specific requirements for
acceptance by the sustainment community.

Military fleet operators have traditionally
depended on corrosion prevention as ameans




of dealing with potential corrosion problems.
However, the Air Force, faced with the reality
of extended life requirements for ther aircraft,
is finding significant levels of hidden corrosion.
Also, the extent of corrosion damage among
similar aircraft can vary widely, dueto the
different environmental exp osure the aircraft
have been subjected to and the level and type
of maintenance that the aircraft have receved.
The Air Force is actively researchingthe best
strategy for mitigatingthe effects of hidden
(and possibly widespread) corrosion on the
continuing safe operating life of therr aircraft.

One of the Ar Force’s primary R&D
goals is to reduce operations and maintenance
costs of Air Force weapons via enhanced
NDIE technology . The USAF is considered
to havethe largest corosion detection
technology development program among the
three Services. For over 25 years, the Air
Force has mamtained a formal fleetwide
NDE/I monitoring program as part of its
Aircraft Structural Integrity Program (ASIP).
Theestablished Air Force NDE/I research and
development program is coordinated with
both the Air Force Sy stem Program Offices
(SPO) and ALC technology personnel and
aerospace industry technology representatives
in order to help assure that capabilities match
requirements to the extent possible.

At present, the Air Forcerelies primarily
on visual inspection techniques to uncover
corrosion damage. Eddy current (EC) and
ultrasonic (UT) methods are the main means
used in current practiceto detect small cracks
nondestructively in aircraft structural
members, with radiographic (RT), flnorescent
liquid penetrant (FPI) and magnetic particle
(MP) methods being employed for more
specialized inspections. However, the Air
Force believes there remain a number of
NDE/I technology improvements needed to
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keep pace with continually advancing
military mission/commercial flight op erations
and vehicle technology changes. Two damage
scenarios indigenous to aging aircraft require
significant NDE/I advances in the near term:
(2) hidden corrosion detection, imaging and
characterization and (b) widespread fatigue
damage/cracking detection and quantification.
Another key logstics need cited by the Air
Forceis rapid NDI for advanced composites
with complex shapes and densities. The Air
Force is looking to improve existing
technologies and to develop new technologies
to detect these potential failure-causing
defects.

52111 Air Force Office of Scientific

Research

The Air Force Office of Scientific
Research (AFOSR) manages the Air Force’s
basic research program. AFOSR initiated a
program in the early 1990s in the area of
detection and prevention of corrosion in
aging aircraft. Their objectives were to:

o Develop a science base necessary for
practical NDE instruments capable of
detecting hidden corrosion with high
accuracy, sensitivity and versatility

° Understand the fundamental
chemistry of corrosion

. Develop models of corrosion
initiation and propagation

. Develop mathematical models of
impedance imaging, and

. Perform controlled experiments
which determine the effect of selected
parameters on the corrosion process.

The AFOSR funded a number of
University Research Initiatives in this area,
including the following:




. Iowa State University -
Nondestructive detection and
characterization of corrosion in aircraft.
Their objectives were to develop pulsed
eddy-current methods to detect hidden
corrosion at joints in the skins of
transport aircraft and develop energy-
resolved x-ray techniques for complex
composite structures in high-
performance aircraft.

. Lehigh University - Corrosion and
fatigue of aluminum alloys: chemistry,
micromechanics and reliability. Their
goals were to develop a basic mechanistic
understanding of material degradation
processes and formulate mechanistically-
based probability models for reliability
assessments.

o SUNY at Stony Brook - NDE of
corrosion and fatigue by laser speckle
sensor and laser moiré. They were tasked
to perform basic research that would lead
to the development of two new NDE
tools for the detection of corrosion-based
degradation.

. University of Chicago - Scanning
tunneling microscopy studies of the
morphology and kinetic pathways of
corrosion reactions of stressed materials.
Their role was to develop an
understanding of materials corrosion,
with emphasis on the role of surface
chemical reactions and atomic-level
microstructures, and to study the effect
of stress on reactivity of materials and
the role of surface defects on oxidation
reactions.

. University of Connecticut -
Experimental and theoretical aspects of
corrosion detection and prevention. The
university’s objectives were to
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investigate initiation and growth kinetics
of corrosion using electrochemical
impedance spectroscopy and study x-
ray computed tomography for NDE.

o University of Delaware - NDE of
corrosion-damaged structures. The
university applied the electrical
impedance tomography to corrosion
detection and monitoring.

L Vanderbilt University - Fretting
corrosion in airframe riveted and pinned
connections. They assessed the
contribution of fretting to the corrosive
deterioration of riveted and pinned
connections.

. Wayne State University - Thermal
Wave Imaging for NDE of hidden
corrosion in aircraft components. Wayne
State developed thermal wave IR NDE
instrumentation capable of detecting
hidden corrosion.

Most of these efforts have been
completed and new programs were started in
FY 97 as part of the Third Millennium
Initiative. These new programs include
investigating development of pitting
corrosion in aluminum alloys, performing
fundamental research to characterize and
analyze widespread fatigue damage, and
investigating and demonstrating innovative
NDE/I techniques that have the potential to
produce significantly higher defect detection
and characterization accuracy and reliability
for detection of corrosion and small fatigue
cracks.

5.21.1.2 USAF Wright Laboratory
Materials Directorate, Wright-Patterson AFB

The USAF Wright Laboratory manages
the Air Force’s applied research and




advanced development program in many
aeronautical-related technologies. The Air
Force’s R&D thrust supporting the
structural integrity program is to determine
the impact of corrosion damage on the
integrity of an airframe. The research
scientists noted that, unfortunately,
corrosion takes many forms that could
impact structural integrity in different ways.
And for each form of corrosion damage
(uniform, exfoliation, pitting, crevice,
intergranular, stress corrosion cracking, etc.),
a structural model of the corrosion damage
needs to be created to accurately assess its
effect on fatigue life and/or residual strength.

In most cases, structural models describe
the effect of geometric changes caused by the
corrosion, and the structural engineer can
easily evaluate the effects. But in some
cases, corrosion can substantially lower the
structure’s resistance to the development of
new cracks, and this effect is not always
easy to accurately model. For many of the
older aircraft, being able to anticipate the
development of maintenance causing events
with some degree of certainty is a major
requirement for the system program offices.
The problem with stress corrosion cracking
of the thicker components manufactured
from older 7000 series aluminum alloys has
been a pervasive hidden corrosion problem,
causing unanticipated major expenses and
substantial downtime for aircraft in depot
maintenance due to limited spares stocked.

Wright Lab representatives stated that
the Air Force’s research and development
efforts support: (1) developing what the
upper limits of corrosion damage can be
before this damage leads to a safety problem,
(2) developing structural metrics for
corrosion that are used to measure the rates
of corrosion for specific types of corrosion
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damage, and (3) providing a tool set that can
be used, in conjunction with the parallel
NDE work, to determine maintenance
strategies for dealing with corrosion present
in the airframe.

The researchers pointed out that highly
capable nondestructive evaluation and
inspection (NDE/I) methodologies and
processes are an enabling tool in the life
cycle management of aircraft systems for
detection and characterization of defects,
flaws or anomalies. They contended that,
while the current state-of-the-art portrays
significant advances in recent years, major
capability improvements still must follow in
order to satisfy operational requirements.




Their goals in regard to this encompass:

1.

M980175UN

Developing advanced nondestructive
evaluation/inspection (NDE/I) systems
and methodologies for aging aircraft

which have the following characteristics: -

Improved sensitivity for
detecting damage

- Hidden corrosion damage such as
in structural interfaces, including
around fastener holes

- Cracking damage such as small,
tight cracks and multiple cracking

Accuracy (imp roved
POD/CL) - smaller margins of error,
repeatable and consistent equipment
(through design improvements,
better calibration capabilities, etc.)
resulting in lower false call rates,
less required operator intervention,
maximized Probability of
Detection/Confidence Levels

S peed of application - faster
setup and scan rates without
significant loss of fidelity, optimum
automation, op timum
portability /maneuverability,, op timum
ruggedness

Data flow management -
high rate, high fidelity data
acquisition, and processing, data
fusion, interpretative analysis and
archiving capabilities

Operator interfaces -
optimized for ease of handling,
controlling, instructing,
interpretation; optimum
incorporation of automation

Equipment versatility for
detecting multiple damage ty pes -
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emp hasis on developing/designing
multifunction NDE/I systems
(exemplified by the AF MAUS III
ultrasonic-eddy current scanning
system) to facilitate efficient
inspection modality changeovers,
reduce individual item inventories,
yield greater cost benefits and
operating efficiencies

Reduced

System cost and cost of operation
(overall cost of inspection)

System complexity

System size and weight

Validated/demonstrated in
aircraft environment

2. Increasing Modularity of NDI Systems

Develop NDE/I systems
which have efficient modular
elements for maximizing and
standardizing common features such
as:

- Image enhancement and display
- Data fusion and data archival

- Diagnostics and interfaces with
diagnostic tools

- Sensor technologies

- Automation/motion control

3. Reducing the Cost to Inspect Aircraft

Systematically reduce the
cost of inspections by focusing on

- Economical inspection processes
such as more efficient scan plans,
interactive process diagnostics,




modular system maintenance
procedures

- Enhanced training for inspectors

- Simplified and standardized
calibration procedures

- Minimization of repeat
inspections through increased
detection sensitivity and
reproducibility features

- Evolving of more affordable
NDE/I processes ( i.e., filmless
radiography)

- Accelerated system
demonstration and validation
processes.

The Air Force’s R&D strategy is to have
nondestructive evaluation/inspection
methodologies and procedures that provide
. reliable defect/flaw/damage detection with
the maximum affordable sensitivity,
accuracy and speed to support Air Force
missions. The current aging aircraft-related
NDE/I R&D program focusing on improved
detection of hidden corrosion and small
cracks is planned to produce, demonstrate
and transition required advancements to
meet specific Air Force customer-identified
needs.

This program also has connectivity with
germane FAA and NASA efforts so as to
maximize technology development
coordination and transfer.

Their goal is to have NDF/I that not only
supports fleet management and airworthiness
assurance programs but also provides
essential detection capability datato
structural integrity methodologies that
predict structural life and determine structural
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requirements, schedules and cost as well as

" evaluate maintenance and repair strategies.
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The current aging aircraft-related NDE/I R&D
program focuses on detection/characterization
of cracks smaller than those that would lead
to the onset of widespread fatigue damage
(WFD), when multi-site and multi-element
damage (M SD and M ED) scenarios exist, and
2) detection/characterization of hidden
corrosion prior to reaching the maximum
limits set by structural integrity as well as
economic models.

To achieve these goals, the Air Force
intends to make maximum use out of new
innovations ‘and advances in sensor, imaging,
image enhancement, simulation, model-based
defect/flaw/damage signal processing and
decision, and ultrahigh rate data management
technologies from all fields of science. Where
appropriate, they will emphasize
incorporation of modular NDE/I process and
system elements in new/improved designs in
order to optimize '
versatility/interchangeability and
maintainability/supportability; increase
standardization of equipment, procedures,
calibration, etc.; and reduce acquisition and
operating costs. Demonstrations and
validations of new technology developments
will be conducted, as appropriate, in aircraft
maintenance/testing settings and
environments in order to duplicate
operational conditions to the maximum
extent possible. These will include Air
Logistic Centers, commercial operator beta-
site test locations, the FAA Airworthiness
Assurance Nondestructive Inspection
Validation Center (AANC) and available
OEM facilities.

Currently, Air Force programs are
emphasizing low frequency EC process




development for interior layer cracks (the
lower the frequency, the deeper the
penetration) since the electromagnetic fields
are much less affected by interfaces (such as
in lap joints and stack-ups) than are
ultrasonic signals. The Air Force considers
higher sensitivity EC probe designs, refined
signal processing and more rapid scanning
methods and equipment key improvement
areas.

The detection of hidden corrosion in
aircraft structures with standard NDE/I
methods has been investigated by all agencies
for anumber of years with historically
limited success. Recently, increased emphasis
has and is being placed on the more promising
of the investigated methods such as improved
ultrasonic, eddy current, thermographic, and
optical techniques; specialized digital x-ray
(RT); and development and demonstration of
in-situ embedded sensors (e.g., optical fibers,
galvanic bi-metallic), etc. In addttion, the use
of EC with improved imagng capabilities is
beingstudied for applicability. M eanwhile,
new fundamental investigations are
underway /planned by the Air Force to again
seekfidentify other potential corrosion
detection/characterization methodologies that
may apply. Related work is ongoingto more
precisely and quantitatively define corrosion
damage areas to help refine nondestructive
detection and imaging processes and to track
corrosion progression rates nondestructively,
thereby providing essential data for life
prediction models. Studies will continue to
seek new/modified NDE/I methods that yield
relieble signals from very early stage
defects/flaws and that also provide more
finely resolved larger flaws.

The Air Force’s goal is to optimize
NDE/ processes for speed and minimized
costs in order to meet operational schedules
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and budgets. Their future plans include
studying advanced intelligent sensor
technology (both military and commercial),
selected and integrated into state of the art
NDE/ instrumentation designs and interfaces
with limited access inspection sites to yield
significantly increased detection accuracy,
senstivity and consistency. Concentration
will be placed on detection of nascent
defects/flaws to producereliable data to
support more accurate structural integrity
assessments. Studies will continue to seek
new/modified NDE/I methods that yield
signals from very early stage defects/flaws
and that also provide more finely resolved
larger flaws. Advances in probabiltty of
detection (POD) determination modek and
methodologies will be developed,
demonstrated and validated using accurate,
validated aircraft inspection datato yield
more precise estimates of structural damage
growth rates, life estimates and maintenance
strategies.

The Air Force intends to develop faster,
more robust NDE/I data acquisition, model-
based analysis, signal and decision
processing and archiving from new state-of-
the-art, human computer interface
techniques, data management advances, and

- the like, to support significantly faster
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inspection processes. Advanced automation
and motion control technology will be
coupled optimally to higher accuracy state-
of-the-art NDE/I systems targeted to
produce high inspection scanning rates over
large structures capable of a higher
defect/flaw/ damage detection (POD) rate
that is cost effective.

Integration of advanced NDE/I
processes into a Condition Based
Maint enance (CBM) system prototype
will be develop ed and demonstrated




comprehensively , including definition of the
effects, limits and potential of the key
components of the inspection process on
system optimization and POD. State-of-
the-art visualization technology,

exemp lified by that from virtual reality
developments, will be studied to evaluate
the p otential of applications to the design
and refinement of advanced NDE/I
processes and techniques and NDE/I
operator training and to measure the effect
on NDE/I POD. They also intend to focus
on advanced development of accurate,
reliable, minimum-cost ND E/I proces s and
instrument/equipment designs, through the
adaptation and application of state of the
art virtual prototyping technology, with
operating properties that promote high
POD levels.

In an effort to reduce operation cost (an
estimated savings of over $1M per year) and
reduce hazardous chemical handling and
disposal costs at Air Force Air Logistics
Centers and field depots, Wright Laboratory
has initiated a research effort into replacing
their conventional X-ray inspection methods
with filmless radiography for aerospace
applications. This effort is evaluating the
feasibility of using a filmless radiography
system with digital storage capability for
aerospace structures and transitioning it to
Air Logistics Centers.

52.1.1.3 U.S. Air Force Corrosion
Program Office, Warner Robins AFB

The Corrosion Program Office is a
subdivision of the Air Force Air Materiel
Command. The office was created for the
purpose of ensuring that the Air Force has
a viable program to prevent, detect, and
control corrosion and minimize the impact
of corrosion on Air Force systems (Air

M980175UN
FINAL7A.doc.DOC

45

Force Instruction 21-105). Other
responsibilities include extending the
service life of Air Force systems and
impacting the acquisition process for new
Air Force systems.

The office was established in 1969 with
the publication of Air Force Regulation 400-
44, This program was centered at the Air
M aterial Area in M obile. When the Air
Material Area in M obile was closed, the
office was moved to Warner Robins Air
M aterial Area in Georgia. The first annual
Corrosion Managers” Conference was held in
1969, and the first Corrosion Summary was
issued in February 1972. In October 1979,
Warner Robins Air Logistics Center
(WRALC) was officially tasked with
managng the Air Force Corrosion Program.
In October of 1995, the Corrosion Program
Office was organizationally realigned as an
operating location under Wright Laboratories.
The Office consists of both civilian and
military personnel as well as specialized labs
for corrosion research.

Specific engineering functions
accomplished by this office are tri-service
technical liaison/support, technology
insertion, new technology demonstration/
validation at ALC/field units,
engineering/technical consultation and
corrosion prevention and control policy
establishment. Activities of the Air Force
Corrosion Program Office include the
following:

. New Materials and Processes
Technology Insertion Projects

e Corrosion effects on aging aircraft

Cost of Corrosion Study

Aircraft Depaint/Cleaning Projects

New Weapon Systems Support




. Classified Systems Support
e Thermoplastic Power
. Coatings

. Metal Arc Spraying
° Avionics Corrosion

) Hazardous Waste Reduction/NASA/
DOD/ EPA

Corrosion Training and Education
. Materials Evaluation.

The Corrosion Program Office is
separate and distinct from the NDI Program
Office at Kelly AFB in San Antonio, TX
and the Aging Aircraft Program Office at
Wright-Patterson AFB, though they do
coordinate on issues of common interest.

An important corrosion issue raised by
the Corrosion Program Office engineers and
technicians group was that 90 percent of
corrosion prevention is applied on the outer
surfaces of aircraft, as opposed to the more

structurally important interior of the aircraft.

One preventive measure implemented as a
result of Corrosion Program Office analysis
has been the application of a glossy white
polyurethane coating underneath all latrines
and galleys. Another issue raised by the
group was the inconsistent use of sealants
by OEMs on rivet joints.

52114 Aging Aircraft Office

The Aging Aircraft Program Office was
established by the Air Force Materiel
Command in 1996 to transition technologies
from laboratory research and commercial
technology development to the Air Logistics
Centers that will address the needs of aging
aircraft. The mission of the Aging Aircraft
Program Office is to work within and
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outside the Air Force to transition
technologies that will extend the lives and
reduce the costs of operating and maintaining
aging aircraft systems. The program is
targeted towards maintaining airframe
integrity and emphasizes developing cross-
cutting solutions that will benefit multiple
aging aircraft systems. The projects funded
by this program will address critical needs of
the aging fleet such as corrosion, structural
integrity and improved non-destructive
inspection techniques. As an agent for
technology transition, the program office
serves as a link between the R&D
community and the sustainment community.

The program office sponsored
several projects in FY97, utilizing funds
provided by HQ AMC and HQ AFMC,
that were geared towards hidden corrosion
detection. One project made some
improvements to the D-Sight system and
validated the improved system. D-Sight,
which utilizes a dual pass light reflection
method, is of particular interest for
inspecting lap joints. Another project is
evaluating, improving, and validating a C-
scan eddy current system (Zetec MIZ 22
coupled with the Krautkramer Branson
ANDSCAN). The final FY97 project
involved improving and evaluating the
Mobile Automated Scanner (MAUS)
system, which can be used for a variety of
inspections including disbonds,
delaminations and corrosion detection. One
of the significant improvements made to the
MAUS system was a movable track system
to semi-automate the inspection process.

In FY98, the program office will be
funding some additional work on the D-Sight
system, as well as a new effort to evaluate
thermography and dripless bubbler




technologies as means to detect hidden
corrosion in the vicinity of wing skin
fasteners.

52.1.1.5 Sacramento Air Logistics
Center, McClellan AFB

McClellan employs the following
corrosion detection technologies in their
inspection of defense systems, primarily
aircraft:

. Ultrasonics

. N-ray

. X-ray

J Eddy current

. Magnetic particle
o Laser ultrasonics.

McClellan AFB has two neutron
radiography systems. One is stationary,
designed to do component parts within four
bays. The second is a maneuverable system
designed to inspect components while still
attached to the aircraft.

At the heart of the state-of-the-art
stationary neutron radiography system is
the newest research reactor in the U.S. The
facility was developed to detect low level
corrosion and hidden defects in aircraft
structures using neutron radiography. The
radiography system can accommodate parts
to 34 feel long, 12 feet high and up to 6000
pounds in weight. The center’s data’
systems are designed to provide on-line and:
off-line tracking of critical components and
data reduction for trend analysis. Film
radiography systems are also available which
can detect extremely low levels of hydrogen
and surface corrosion. The facility’s real
time radiography system has the capability
to image dynamic events such as data for
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egress and hydraulic systems, explosive
charges, and oil fill levels, respectively.

The maneuverable N-ray system
consists of a hangar enclosed gantry robot
with a work envelope of 84 feet wide by 85
feet diameter by 25 feet high. It is the only
one of its size in the world, capable of
scanning an entire aircraft. The six-axis
robot is capable of moving the neutron
source along a preprogrammed inspection
path to inspect the entire aircraft once it is
positioned in the hangar. This method of
inspection is capable of detecting moisture in
areas where normal inspection methods
would fail without extensive disassemble.

The inspector controls the operation
from a remote control station and can stop
the inspection process at any time to
perform specific functions such as zoom and
search of a selected location. If interrupted,
the system is capable of picking up the
previous inspection point within a .025 inch
radius.

The following aircraft have used this
system: F-111, F-15, the Navy’s F-14
Tomcat, the Army’s AH-64 Apache
Helicopter, the Canadian CF-18, and the
Australian F-111C and G models.

McClellan also has a maneuverable,
real-time x-ray system which improves
performance of x-ray of composite materials
in assembled aircraft while providing
information not available from other
inspection processes. The system supports
real-time x-ray aircraft inspection using a
robot-mounted system. The system is 77
feet wide be 90 feet diameter and 25 feet
high, and has a 420 kV and 160 kV x-ray
system mounted on a large gantry robot
which is installed in a specially constructed,
shiélded aircraft hangar. This system is used




to check wings and other structural
components for fatigue cracks, internal
damage to hinges, and frame members.
Bonded honeycomb components are checked
for core damage and water/corrosion.
Outputs from this x-ray inspection system
include structural and bonded integrity-
defect data, photovideotape graphs recorded
data, corrosion-moisture detection location,
and crack-debond detection and location. A
Canadian CF-18 was sent to the ALC for a
full N-ray and X-ray evaluation in 1996.

521.1.6 Oklahoma City Air Logistics
Center, Tinker AFB

The Oklahoma City Air Logistics Center
is researching existing and emerging
NDE/NDT techniques for aging aircraft
through its CORAL REACH program. In
conjunction with ARINC and Boeing, the
researchers have invasively disassembled a
complete KC-135 aircraft. The corrosion
found on all structural members was
documented. In the course of this
investigation, the researchers found
corrosion in many areas that are hidden
and/or inaccessible even during depot
overhaul and therefore are missed by current
visual inspection.

As a result of this project, the
researchers embarked on an effort to
evaluate, prototype and transition state-of-
the art NDI systems to C/KC-135 PDM for
hidden corrosion detection in fuselage lap
joints and around wing skin fasteners. They
have completed four comprehensive
evaluations of commercial off-the-shelf
equipment. No equipment was found
suitable to detect intergranular corrosion
around wing skin fasteners. The group is
currently studying NDI equipment that
would detect corrosion around these wing
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skin fasteners and is in the process of
transitioning the MAUS III /IV technology
into their inspection procedures.

The ALC is also working with Boeing,
ALCOA, the University of Utah, and
Wright Labs to determine fatigue crack
growth rates in lab grown corroded C/KC-
135 structural materials. The resulting
fatigue crack growth data will be used in
C/KC-135 structural life assessments to
account for corrosion effects. To date, tests

~were completed on 2024-T3/T4 and 7075-

T6 material with light to moderate corrosion.
These tests showed some increase in crack
growth rate compared to uncorroded, but the
team believes extensive tests with specimens
exhibiting more severe corrosion are needed.

They have conducted fatigue testing and
analysis of C/KC-135 fuselage lap joints and
upper wing skin panels with precorrosion in
order to use the resulting fatigue life data as a
gross estimate of the effects of corrosion on
fatigue life. In addition, the ALC is involved
in corrosion growth rate studies to determine
how fast corrosion grows on/in C/KC-135
aircraft structure at different geographical
operating locations. '

The ALC is also in the process of
evaluating the effectiveness of externally
applied corrosion prevention
compounds/inhibitors in reducing or
eliminating corrosion on C/KC-135 aircraft.
This work is being done in conjunction with
Wright Labs and UDRI. If some of these
corrosion preventative measures prove
feasible, field applications and exposure
evaluations will be made.

The researchers are working with NASA
Langley and Wright Labs to determine the
effects of active corrosion, prior corrosion
damage, corrosion by-products and corrosive




environments on fatigue crack nucleation and
fatigue crack growth rate of C/KC-135
structural materials.

Together with the FAA, they are
conducting full-scale testing of C/KC-
135/707 generic fuselage panels with natural
prior corrosion damage in hidden and
inaccessible areas to determine the
interactions between corrosion and fatigue
and the effects on structural life.

In conjunction with the University of
Oklahoma, the ALC is going to conduct
testing and analysis of the C/KC-135
structural components with prior corrosion.
They want to compare this data with
previous results of uncorroded and lab
grown corroded specimens.

They have completed work on a
corrosion characterization and comparison
mapping project, providing a visual
representation of the location and severity of
corrosion found during aircraft disassembly
and inspection overlaid with existing ASIP
points. This data will help identify locations
with potential fatigue-corrosion interaction.

The ALC has also finished testing and
analysis of precorroded C/KC-135 structural
materials to determine the static strength and
fracture toughness compared to uncorroded
materials.

Currently underway is work with Boeing
to conduct corrosion fatigue crack growth
testing in a corrosion environment to help
determine the effects of such environments
on fatigue crack growth. They are also
working jointly to test pre-corroded fastener
hole multi site damage in an attempt to gauge
pre-corroded fatigue crack growth and
residual strength of KC-135 aircraft
materials with fastener holes. In addition,
they are working together on designing,
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developing, and building a prototype of the
Stratotanker Condition Analysis and
Logistics Evaluation (SCALE) system
engineering tool. The system will be able to
collect, document and analyze KC-135
corrosion discrepancies/information for all
the structure by tail number and for the
entire fleet. It will include graphically
enhanced displays, logical and physical
models, data entries by input, scans, digital
photos and NDI output.

5.2.1.2 U.S. Navy

The Navy has the largest monetary
investment in corrosion research. They are
also considered to have the best corrosion
maintenance and training practices.

Naval systems encounter a wide range of
corrosion problems. In trying to fix these
corrosion problems, the Navy needs to
overcome some unique hurdles due to the
severe environment and lack of conveniences
that are available to land-based systems.
These include dealing with limited
maintenance capability and space, the
inability to wash their aircraft as frequently
as needed, and the lack of contractor support
for rework during deployment.

The Navy is focused on three general
application areas: ships/submarines;
aircraft/weapons; and general corrosion. The
highest priority NAVSEA and NAVAIR
corrosion concerns are tanks/voids, insulated
piping, valves, and hidden aircraft corrosion.
These projects are managed by the Office of
Naval Research.

The Navy adopted a Condition Based
Maintenance (CBM) ACI five year Science
and Technology program in 1996 which is
managed by the Office of Naval Research.
The goal of this program is to identify,
develop and demonstrate affordable and




P

robust CBM enabling capabilities to help
lower costs of operating and maintaining the
fleet. One of the four main thrusts of this
program is corrosion detection/prevention.

The Navy is in the process of
establishing an Aging Aircraft Group and
hopes to work closely with the Air Force on
their Aging Aircraft Program.

5.2.1.21 Office of Naval Research

As mentioned above, ONR serves as the
overall manager for the CBM ACI S&T
program within the Navy. In addition to
managing the projects highlighted below
being conducted by various Navy
organizations, ONR has funded Framatome
Technologies to address the feasibility of
using encircling eddy current to detect
changes in pipewall thickness due to
corrosion without removing insulation. This
is being evaluated as a fast-transition
technology for cupro-nickel firemains.

ONR has also funded Texas Research
Institute to study the potential of using
guided ultrasonic waves to accomplish this
same objective. TRI is in the process of
developing a pre-production prototype.
ONR envisions that this technique, if proven
viable, may become the main technique for
detecting corroded regions in pipes without
removing insulation, replacing all other
techniques including those employing eddy
currents. Unlike the eddy current technique,
which is not suitable for ferromagnetic
materials such as steels, the guided wave
technique is applicable to all metallic
materials.

521.22 Naval Research Laboratory
NRL is currently investigating in-situ

detection of changes in the potential of

cathodically protected tanks/voids and
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correlating potential changes with
deterioration of the protective coating.
Corrosion found in painted ballast tanks is
associated primarily with reduced paint
thickness over weld spatter and at sharp
corners. NRL is researching different remote
monitoring technologies for corrosion
detection on the ballast of ships and
submarines. Part of the program research
being carried out is to determine whether the
state of the corroding tank can be monitored
by monitoring electrochemical parameters
such as the corrosion potential, and to
develop a correlation between the measured
potentials and the condition of the tank. If
successful, this study would serve as the
technology base for developing tank
monitoring procedures for the fleets.

Since the ballast tanks in the more
modern ships contain zinc anodes, a change
in corrosion potential with paint degradation
is expected. For the parts of the tank not
covered by water (roof and upper portions
of walls), the Navy is considering whether to
develop a monitoring technology using
galvanic sensors embedded in the paint at the
substrate/paint interface.

5.21.23 Carderock Division, Naval
Surface Warfare Center (CDNSWC) -
Philadelphia

The CDNSWC team addresses all
surface and subsurface corrosion issues and
is a one-stop shop for research,
development, test and implementation of
equipment, techniques and training to the
fleet. Because Navy maintenance funding has
decreased, CDNSWC strives to be
innovative and find ways to streamline the
process. Their goals are to increase ship
system equipment reliability, reduce costs of
repairs and replacements, provide accurate
material condition assessment, utilize a




variety of technologies, transfer inspection
responsibilities for technologies to the Fleet,
and oversee Fleet maintenance.

This Nondestructive Test and Evaluation
(NDT&E) group is responsible for assessing
government and commercial advances in
NDT&E technology, investigating high cost
maintenance problems, initiating NDT&E
system joint developmental efforts,
validating NDT&E systems’ performance in
Fleet applications, and developing Fleet
inspection procedures. To this end, this
group has developed specific use of
- inspection technologies in the areas of
acoustic emissions, eddy current, fiber-
optics, infrared thermography, laser optics,
ultrasonics, and magnetic flux leakage.

CDNSWC Philadelphia’s developmental
work is primarily directed toward finding a
cost effective solution to operational
maintenance problems for ships or
submarines. However, the technology is not
limited and can be applied to multiple
applications in other government activities
as well as the private sector. They have
accomplished some innovative things, taking
projects from the basic research stage
through the implementation stage. Currently,
they are concentrating on shortening delivery
time to the Fleet through the use of
commercial-off-the-shelf (COTS)
equipment, where possible.

In some instances, it used to take the
Navy seven to ten years from initial concept
development through to delivery of a
prototype Navy system. Now, since they
are moving more towards commercial
technology development, this lead time has
been drastically shortened. Some of the more
complex Navy/commercial developments can
take three to five years. If the technology
already exists, a performance specification
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can be written to tailor the commercial
system to Navy application within one to
two years. And if a commer-cial NDT&E
technology to the application already exists
which the Navy can capitalize upon, the
time to procure the COTS system can be
from one to twelve months. With
equipment that this group maintains,
inspections an be performed on call.

The inspection technologies that this team
uses include acoustic emission, eddy current
(for condensers), electro-optics, fiber optics,
remotely operated vehicles, infrared thermo-
graphy, laser optics, ultrasonics, laser
shearograp hy , magnetic flux leakage, and
guided wave ultrasonics. Ship systems
supported by NDT &E inspections include,
but are not limited to, main boilers, auxiliary
boilers, propulsion shafting submarine mast
fairings, submarine tiles, ventilation sy stems,
elevator wire rope, gun barrels, piping and
tubing sy stems, main condensers, auxiliary
condensers, tanks and voids, HP air flasks,
incinerator stacks, and composite structures.

Main focus areas of this team have been
the in-place inspection of tubing, piping and
hardware such as wire rope. They have
introduced COTS equipment which have
resulted in great savings.

This activity has a number of unique
inventions that could prove to have great
potential for expanding into both the
commercial and other military sectors. One
specific area for consideration is in the
magnetic flux leakage technology (a
derivative of eddy current technology) they
developed to inspect for corrosion of wire
rope found on aircraft carrier elevators. They
use this technology to determine any
anomalies present on the surface or under
the surface of wire rope. Through use of this
technology, the team hopes to be able to




BINIT

extend the current five year requirement for
rope replacement. Applications are extensive
in the mining, elevator, construction and ski
industries as well as the navies and port
facilities around the world.

Another possible dual use area is in their
continued work on guided wave ultrasonics,
which use an array of transducers. This
technology will be used to measure wall
thickness and cracks over long runs of high
pressure piping under insulation in ships and
submarines without having to remove the
insulation. Texas Research Institute is
working with them in this area.

CDNSWC Philadelphia is examining the
feasibility of using acoustic emissions, and
has started using shear wave ultrasonics for
HP air flask/LP air receiver recertifications.
Acoustic emission is used extensively in the
commercial world for railroad cars and
tankers. They are teaming with Physical
Acoustics Corporation in Princeton, NJ who
have already provided them with prototype
equipment for this program. The benefit of
these technologies is that they do not have
to cut the ship open to inspect, thus saving
time and money. It is projected that
replacing hydrostatic/volumetric methods for
recertification with shear wave ultrasonics
will save the Navy in excess of $1M per
aircraft carrier and $3M per submarine.

They are also using ultrasonic technology
for the inspection of comp osite materials.
Multiple equipments and structural areas of
ships and submarine are being replaced with
composite materials. Small boats i the
Navy, Army and private sector are made
with composite hulls. This group i using
ultrasonic inspection techniques for defect
detection and sizing, and damage assessment
and quality assurance of repairs. Also, they
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have sued ultrasonics in the inspection of
HMMWVs for the U.S. Marines.

This unit has developed anumber of
robotic, remote visual inspection systems
that




use standard techniques to suit specific
inspection needs. One ofthese is a Remotely
Operated Vehick for Verification and Retrie-
val ROVVER). This device, for example,
allows for the remote inspection of exhaust
stacks from the top, through the ship, to the
engine. Another is a miniature robotic
component that can be used for examining
any four inch by four inch area. Other appli-
cations include piping systems, propulsion
shafts, gas turbine intake stacks and
incinerator exhaust stacks. Co-developed
with private industry, it increases Navy
inspection capabilities while decreasing
inspection costs.

CDNSWC co-developed a laser optic
tubing insp ection sy stem in conjunction with
Quest Integrated, Inc. to inspect internal
surfaces of tubingand piping for pitting and
cracking It has been used in many applica-
tions, including the insp ection of Army tank
gun barrels. These systems are used for in-
spection on main propulsion boilers and con-
densers and have been distributed for Fleet
use. Thesavings to date realized by the Navy
is $10M.

52124 Naval Surface Warfare
Center, Carderock Division — Bethesda

Within the Metals Department of the
NSWC, there is a Corrosion Branch (613)
that conducts research into the corrosion
problems of the Navy. This branch is
organized to address three separate
technology areas — corrosion engineering and
design analysis, corrosion science and
coatings, and high temperature corrosion and
advanced ceramic materials. The first two
concentrate mainly on immersion splash and
spray atmospheric marine corrosion.

The Corrosion Branch is involved in the
following corrosion issues:
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Ship and submarine HME system
corrosion problems

e System and component corrosion
~ design analysis

° USMC vehicle corrosion control
. Waster sleeve corrosion for aircraft
carriers

L AC and DC electrochemical testing

o Corrosion rate measurement and
prediction

° Materials selection

. Corrosion failure analysis

o Cathodic protection system design

and analysis

o Seawater and marine atmospheric
corrosion testing

. Full or scale model seawater system
and component testing

o Organic coating inspection and
performance evaluation

J Corrosion modelling (computer and
physical)

o Organic and metal matrix composite

corrosion testing and analysis

High temperature corrosion
J Corrosion control.

Some of the corrosion problems that
they are addressing are submarine shaft seal
corrosion problems and solutions, crevice
corrosion causes and countermeasures, gal-
vanic corrosion of mixed metal systems,
seawater and atmospheric corrosion behavior




of a broad spectrum of ferrous and non-
ferrous alloys, and metal matrix composite
corrosion. The NSWC is exploring electro-
chemical impedance spectroscopy methods
and applications to help detect the extent of
the corrosion problems.

Their facilities include an
electrochemical test lab, a stress-corrosion
cracking test lab, a high temperature
corrosion lab, computer workstations and
networking to a supercomputer. In addition,
they have three seawater and marine
atmospheric corrosion test sites — LaQue
Center for Corrosion Technology at
Wrightsville Beach, NC; CDNWEC in Fort
Lauderdale, FL; and NRL in Key West, FL.

52125
(NAVAIR)
NAVAIR is spending approximately

$1B annually on expenses incurred on

" maintenance and repair due to corrosion.
NAVAIR researchers estimated that
NAVAIR could achieve a 25 percent savings
battling their corrosion problems by
widespread adoption of existing techno-
logies. They believe that aircraft mainte-
nance could be reduced if they had an early
warning system for hidden corrosion. With
such a system, NAVAIR could effectively
transition to condition based maintenance
rather than time based maintenance, fixing
components only when it was needed. But
first, NAVAIR personnel stated that they
must have in place a technology that
provides them with a high degree of
confidence in the data.

At the moment, NAVAIR has three
levels of maintenance: 1) on the carrier, 2)
intermediate level, and 3) depot level.
NAVAIR scientists asserted that if work is
conducted at the first two levels, then there

Naval Air Systems Command
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is no need to have to bring the component to
the depot level. The depot level should be
considered a last resort.

NAVAIR’s work in the area of corrosion
detection sensor technologies employs
several different approaches which are
summarized below:

Fiber Optic - This program involves
embedding very fine fiber optic strands in
one continuous length under the protective
coatings. The strands are burned with a laser
to provide a series qf graduations, all of
which are different. The limitation here is
that the graduations must be very sharp in-
the fiber. Depending on the degree of
corrosion on the surface of the fiber, an
interference pattern is produced which can
identify the amount of corrosion and the
location is known as the graduations generate
a unique pattern. The installed position of
the strand and its complement of graduations
is known. Research is being conducted under
a SBIR program by Physical Optics in
California, in conjunction with Boeing
Aircraft, which is very interested. The
present limitation of this technique is the
sharpness of gratings and the amount of light
that reflects back for discrimination.

Galvanic Sensors - These sensors are
constructed by electrodep osition and vapor
disposition to form thin films. The sensors
are self-contained with a data-logger and
appropriate cathode and anode
components. The sensor must be hard
wired to a datalogger and polled by a central
computer either in an onboard or offboard
situation. The closer the gap between the
electrode elements, the greater the
sensitivity. The opportunity to vary the
degree of corrosion measured is available
upon manufacture as changing the sensor
materials and the gap between the elements




will result in greater or lessor initial and
subsequent current flow growth with time.
Sensor miniaturization and the radio
transmission of corrosion current signals are
the areas of current research activity, as is
the conceptual evaluation of aluminum-ion
sensitive paint compounds. Limitations to
these sensors are the need to hardwire each
sensor in an aircraft, which would add a fair
amount of weight, and that the lifespan of
these sensors is short. F our Coast Guard
H-65 helicopters are flying with these
types of sensors installed. A coulomb plot
will allow for a measure of material loss
based on the fa