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6.1 Introduction

In the modern business environment, successful enterprises cannot
tolerate major corrosion failures, especially those involving unsched-
uled shutdowns, environmental contamination, personal injuries, and
fatalities. For this reason, considerable effort must be expended on cor-
rosion control at the design stage and also in the operational phase.
Typically, once a system, a plant, or any piece of equipment is put into
service, maintenance is required in order to keep it operating safely
and efficiently. This is particularly true for aging systems and struc-
tures, many of which may operate beyond their original design life.

The required level of maintenance will vary greatly with the severity
of the operating environment and the criticality of the engineering sys-
tem. Some buildings require only regular repainting and occasional
inspection of electrical and plumbing lines, but chemical processing
plants, power generation plants, aircraft, and marine equipment have
extensive maintenance schedules. Even the best of designs cannot be
expected to anticipate all conditions that may arise during the life of a
system. Corrosion inspection and monitoring are used to determine the
condition of a system and, importantly, to determine how well corrosion
control and maintenance programs are performing. Corrosion monitor-
ing embraces a host of techniques, from simple exposure of coupons to
smart structure computerized sensing systems.

The dividing line between corrosion inspection and corrosion moni-
toring is not always clear. Usually inspection refers to short-term “one-
off” measurements taken in accordance with maintenance and
inspection schedules. Corrosion monitoring describes the measurement
of corrosion damage over a longer time period and often involves an
attempt to gain a deeper understanding of how and why the corrosion
rate fluctuates over time. Corrosion inspection and monitoring are
most beneficial and cost-effective when they are utilized in an inte-
grated manner. They are complementary and should not be viewed as
substitutes for each other. Figure 6.1 illustrates how data from various
sources should be combined to ultimately produce management infor-
mation for decision making.

Inspection techniques for the detection and measurement of corrosion
range from simple visual examination to nondestructive evaluation.
Significant technological advances have been made in the last decade.
For example, the combined use of acoustic emission (AE) and ultrason-
ics (UT) can, in principle, allow an entire structure to be inspected and
growing defects to be quantified in terms of length and depth. Advanced
corrosion monitoring methods have been developed that have both on-
line capability and the ability to detect problems at an early stage. The
oil and gas production and petrochemical industries have assumed a
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leading role in the advancement of corrosion monitoring. Many tech-
niques that have been accepted in these industries for years are only
beginning to be applied in other industries, such as transportation, min-
ing, and construction.

A considerable catalyst for the advances in corrosion inspection and
monitoring technology has been the exploitation of oil and gas
resources in extreme environmental conditions, such as the North Sea
offshore fields. Operation under such extreme conditions has necessi-
tated enhanced instrument reliability and the automation of many
tasks, including inspection. The development of powerful user-friendly
software has allowed some techniques that were once perceived as
mere laboratory curiosities to be brought to the field. In addition to the
usual uncertainty concerning the onset or progression of corrosion of
equipment, the oil industry has to face everchanging corrosivity of pro-
cessing streams. During the life of an exploitation system, the corro-
sivity at a wellhead can oscillate many times between being benign
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and becoming extremely corrosive.1 Such changes require more corro-
sion vigilance in terms of inspection and monitoring.

Considering the many complex forms and mechanisms of corrosion
damage, the limitations of individual plant inspection and monitoring
techniques are considerable. The large number of variables involved
also implies that no single method can be expected to be satisfactory
in all possible conditions and environments. Many of these variables
are described in other parts of the book. The factors involved in the
corrosive environment have, for example, been introduced in Chap. 5,
Corrosion Failures.

6.2 Inspection

Inspection normally refers to the evaluation of the quality of some
characteristic in relation to a standard or a specification. As prod-
ucts and their manufacturing processes have grown more complex
and been divided among many departments, the job of inspection
has also become complex and distributed. A flow diagram is useful
for showing the various materials, components, and processes that
collectively or sequentially make up the system. The main purpose
of inspection is to determine whether components, systems, or prod-
ucts conform to specifications. Inspection consists of the following
series of actions:

■ Interpretation of the specifications
■ Measurement and comparison with a specification
■ Judging conformance
■ Classification of conforming cases
■ Classification of nonconforming cases
■ Recording and reporting the data obtained

In practice, inspectors may experience difficulty in interpreting a
particular specification. Assistance for this task can be provided in
several ways:

■ Clearing up the meaning of terminology used. Descriptions of sensory
qualities, such as “cosmetic corrosion defects,” are often confusing.
While such defects may not affect the functionality of a component,
customers may find them objectionable for aesthetic reasons.

■ Eliminating vague or incomplete information in specifications.
■ Classifying the importance (seriousness) of product characteristics,

to emphasize the most important features of the product.
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■ Provision of samples, photographs, or other references to assist in
interpretation of the meaning of a specification. The importance of
visual standards cannot be overemphasized.

■ Periodic review and revision of specifications for clarity to eliminate
recurring, chronic problems of interpretation.

6.2.1 Selection of inspection points

The selection of inspection points is of paramount importance, as cor-
rosion factors to be considered are often related to the geometry of sys-
tems and components. Selection of inspection points should be based on
a thorough knowledge of process conditions, materials of construction,
the geometry of the system, external factors, and historical records.

An example of an industrial concern being translated into an inspec-
tion program is the loss of plant profitability due to production losses
associated with boiler tube failures. Underdeposit corrosion in steam-
generating systems is caused or enhanced by the breakdown of a pro-
tective magnetite film and/or the inability to form such a film.
Production losses resulting from reduced steam capacity are far
greater than the actual repair and maintenance costs incurred during
shutdowns. The major contributors to the formation of deposits and
scale are

■ Accumulation of corrosion products, mostly consisting of iron oxides
introduced into the boiler from the feedwater and condensate systems

■ Contaminants present in the makeup water
■ Contaminants introduced to the condensate return from process

equipment
■ Solids introduced from leakages

The methods used to detect and monitor underdeposit corrosion
involve an investigation of the water treatment practices accompanied
by an evaluation of the amount of feedwater corrosion product deposited
on the boiler heat-transfer surfaces. The detection and monitoring meth-
ods used in such an environment are presented in Table 6.1, highlighting
the main characteristics of the techniques and their applications.

6.2.2 Process piping

Probably the most important inspection function related to plant reli-
ability involves process piping systems. Piping systems not only con-
nect all other equipment within the unit, but also interconnect units
within the operation. Thus, they can be considered to be an accurate
barometer of conditions occurring within the process. It has been
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demonstrated repetitively that if an inspection department has control
over the condition of piping within a unit, the condition of the remain-
ing equipment will also be known with a relatively high degree of con-
fidence.2 It is rare that corrosion or other forms of deterioration found
in major components of process equipment are not found in the inter-
connecting piping. The latter is generally more vulnerable to corrosion
and subject to initial failure because

■ The corrosion allowance on piping generally is only one-half that
provided for other pieces of refinery equipment.

■ Fluid velocities are often higher in piping, leading to accelerated cor-
rosion rates. (This is not always the case for certain localized corro-
sion processes.)

■ Piping design stresses normally are higher, and the piping system
may be subject to external loading, vibration, and thermal stresses
that are more severe than those encountered in other pieces of
equipment.

■ The larger number of inspection points in a piping system makes the
task of controlling and monitoring the system bigger.

Leaks in pressurized piping systems are extremely hazardous and
have led to several catastrophes. Components requiring close atten-
tion include

■ Lines operating at temperatures below the dew point
■ Lines operating in an industrial marine atmosphere
■ Points of entry and exit from a building, culvert, etc., where a break

in insulation could occur
■ Pipe support condition and fireproofing

376 Chapter Six

TABLE 6.1 Inspection Techniques Useful for the Detection of Underdeposit in
Boiler Systems

Inspection methods Application

On-line

Hydrogen analysis in saturated background General and steam localized corrosion
Tube temperature monitoring Deposit buildup
Chemistry (phosphate and pH) Buffering potential

Off-line

Visual examination (fiberscope, videoprobe) Steam blanketing
Gouging and tubercles

Tube sampling Deposit amount
Deposit constituents
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■ Piping alignment, provision for thermal expansion, and position of
pipe shoes on supports

■ Welded joints, because they can have elevated stress levels (from
residual stress effects and stress concentrations), geometrical dis-
continuities, complex metallurgical structures, and possible galvanic
cells (preferential weld corrosion)

■ Flanged or screwed joints for evidence of leakage
■ Geometrical changes that affect fluid flow characteristics (bends,

elbows, section changes, etc.), with a resulting risk of erosion/corrosion

Lines handling corrosive materials such as saltwater ballast, acids,
bases, and brine are subject to internal corrosion and require frequent
inspection until a satisfactory service history is developed. Frequency
and degree of inspection must be individually developed, taking into
consideration rate of deterioration and seriousness of an unpredicted
leak. Testing of piping systems is done using various techniques,
including pressure testing; radiography; and dye-penetrant, magnetic-
particle, and ultrasonic testing. Table 6.2 describes many of the prob-
lems or materials damage commonly encountered in process-industry
piping systems.2

The inspection of a new, unfired pressure vessel should begin at the
time of manufacture and continue through field construction.
Thickness readings and other information obtained during fabrication
and construction should be incorporated into the inspection records and
should constitute the “baseline” to which subsequent readings are com-
pared. During the life of a vessel, various metallurgical changes can
occur in the pressure-holding components that could significantly affect
their physical properties. These changes are not apparent with the use
of normal inspection techniques. However, an inspector should be
aware of these possibilities.

6.2.3 Risk-based inspection

Risk analysis refers to techniques for identifying, characterizing, and
evaluating hazards. Risk-based inspection (RBI) is the application of
risk analysis principles to the management of inspection programs for
plant equipment. RBI has been used in the nuclear power generation
industry for some time and is also employed in refineries and petro-
chemical plants. The ultimate goal of RBI is to develop a cost-effective
inspection and maintenance program that provides assurance of
acceptable mechanical integrity and reliability. Clearly, it has an
important role in today’s competitive business environment, where
limited technical and financial resources have to be optimized. An
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TABLE 6.2 Problems or Materials Damage Commonly Encountered in Piping Systems of Process Industries

Carbon steels At temperatures above 400 to 430°C, pearlite will convert to a spheroidal form of carbide and eventually,
under suitable conditions, to graphite. Spheroidization and graphitization lower the yield stress and ultimate
tensile strength, while increasing the ductility. The effect is significant in the heat-affected zone of a welded
joint, where graphite tends to form chains in a form known as “eyebrow” graphitization. This condition can
lead to severe embrittlement. Some weld failures caused by this type of deterioration have been reported in
the literature. In-place metallography and removal of samples can be used to check for this condition. C
steels operating above 430°C should be evaluated for possible graphitization after the first 30,000 h of
operation, and every 50,000 h thereafter.

Carbon-Mo steels Three types of damage to 0.5 Mo C steels are elevated-temperature hydrogen attack, graphitization, and
temper embrittlement. Where 0.5 Mo C steels are used in hydrogen service above the limits of the C-steel
line, pressure vessels (and heat exchangers) should be monitored using ultrasonic attenuation measurements
during unit downtime. Each plate in the vessel should be examined at each turnaround or at a maximum
interval of 2 years. The readings should be in the plate material immediately adjacent to a main seam weld,
which represents an area of maximum residual stress. In addition, any defects identified by other inspection
practices should be investigated by metallographic examination for hydrogen attack.

Low Cr-Mo steels While C steels tend to soften and become more ductile when exposed to temperatures around 400°C, low Cr-
Mo steels tend to undergo temper embrittlement. Embrittlement increases the strength of the material but
markedly decreases toughness by inhibiting plastic deformation. The 2.25 Cr 0.5 Mo steels are more
susceptible to temper embrittlement in the 370 to 480°C range. Not all the factors that affect temper
embrittlement in Cr-Mo steels are fully defined, but some estimate of fracture toughness after service can be
made from the chemical composition. The amount of shift in transition temperature for a 2.25 Cr-Mo
material is commonly expressed by the J factor: J factor � (Si � Mn) (P � Sn) � 104. Steel containing 1.25 Cr
0.5 Mo may temper-embrittle at a temperature around 400°C if P � Sn exceeds 0.03%. Steels containing 1.0
Cr 0.5 Mo do not undergo a serious loss of room-temperature ductility when used at this temperature.
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Medium Cr-Mo steels While 5 to 9% Cr materials are often used for pipe and tubing, pressure vessels of this composition are
seldom encountered, because the required corrosion resistance is imparted to the base material by stainless
cladding or weld overlays. Cr-Mo steels with this range of chromium do not markedly temper-embrittle and
retain reasonable room-temperature toughness.

11 to 13% Cr steels The 12% Cr steels are often used in pressure vessel service, both as a corrosion-resistant cladding and as a
material for trays and other components. All the 12% Cr steels will embrittle in a temperature range of 430
to 540°C (800 to 1000°F). Where room-temperature ductility is an important consideration, the low-carbon
Type 410S should be selected, because it has the least tendency toward elevated-temperature embrittlement.

Austenitic stainless steels While austenitic stainless steels do not lose ductility when heated in the 400 to 510°C temperature range, the
unstabilized grades are subject to carbide precipitation that may affect their corrosion resistance. Weld
overlays normally use a stabilized Type E347 as the last pass for enhanced corrosion resistance. Selection of
stainless materials and/or weldments should be made with regard for such phenomena as sigma-phase
formation, underbead cracking, fissuring, differential thermal expansion, stress corrosion cracking, etc.

Grain size Fine-grain steels improve both strength and toughness. Fine grain size promotes a more uniform distribution
of plastic deformation, thus preventing the local buildup of stress, particularly in the area of defects. Use of
coarse-grained materials such as ASTM A515 and use of heat treatments that lead to grain coarsening
should be avoided. Should vessels be involved in unusual conditions, such as unit fires, that may cause
changes in grain size, the affected areas should be checked by field metallography on removed samples.

Hardening Low Cr-Mo steels, when welded or when cooled rapidly from elevated temperatures, form hard, inherently
brittle microstructures consisting of martensite and bainite. These structures have limited capacity for
plastic deformation and, thus, have low fracture toughness in the as-welded form. It is of prime importance
in repair welding that the original ductility be restored to these air-hardenable materials by maintaining the
proper preheat and postweld heat treatment requirements of the welding procedure.379
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TABLE 6.2 Problems or Materials Damage Commonly Encountered in Piping Systems of Process Industries (Continued)

Dissolved hydrogen Hydrogen picked up in the steel during operation will diffuse at atmospheric temperature, and this is
primarily a function of time, temperature, and thickness. Care should be exercised on heavy-wall equipment
to ensure that the cooldown from operating temperature is as slow as practical so that maximum out gassing
can occur, and precautions should be taken during shutdown to avoid unnecessary impact loading. Hydrogen
gas can readily dissolve in the molten weld metal during the welding operation. The source of the hydrogen
is generally moisture from the surrounding atmosphere or from damp electrodes. Because hydrogen trapped
in the weldment can seriously reduce the ductility, cracking can result. Hydrogen exists in steel as an
interstitial atom in the solid lattice. Therefore, detection by normal NDE methods is not possible, and the
embrittling effect will remain undetected. It is mandatory that all low-hydrogen electrodes be kept warm
prior to use, and that sufficient preheat be applied to the base material to ensure a dry weld joint.

Reheat cracking Cracking can occur in weldments as a result of the heat treatment used to relieve stresses after welding.
Cracking is generally confined to the HAZ, and is normally intergranular in nature. Reheat cracking is of
particular concern in low Cr-Mo steels that are prone to cracking in the as-welded condition, or in heavy
carbon-steel sections that are highly restrained.

Lamellar tearing Lamellar tearing is generally found in the HAZ of weldments of tee and corner joints. The cause of cracking
appears to be inclusions that are parallel to the rolling direction of the plate section being welded. The
restraining forces in the welded joint cause the inclusions to open up and run together to form a crack. Set
on-type connections welded to heavy sections are particularly susceptible to this type of defect. Where set on-
type connections are used, shear-wave ultrasonic inspection of the plate in the area of the attachment and of
the completed weld is recommended.
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excellent review of RBI, including the relevance of corrosion engineer-
ing, was recently published.3

Risk-based inspection is a methodology for using risk as a basis for
ranking or prioritizing equipment for inspection purposes. Risk is
defined as the combination of probability and consequence. Probability
is the likelihood of a failure occurring, and consequence is a measure
of the damage that could occur as a result of the failure (in terms of
injury, fatalities, and property damage). Increased risk resulting from
increased probability and higher degree of consequence is illustrated
in Fig. 6.2. The highest risk is generally associated with a small per-
centage of plant items.

Risk-based inspection procedures can use either qualitative or quan-
titative methodologies. Qualitative procedures provide a ranking of
equipment, based largely on experience and engineering judgment.
Quantitative risk-based methods use several engineering disciplines
to set priorities and develop programs for equipment inspection. Some
of the engineering disciplines include nondestructive examination,
system and component design and analysis, fracture mechanics, prob-
abilistic analysis, failure analysis, and operation of facilities.
Quantitative analysis methods can be expensive, time-consuming, and
tedious, and are therefore not commonly used. Often, the information
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available is insufficient for conducting a quantitative risk analysis.
Two organizations that are currently working on quantitative risk-
based analysis procedures for use by the chemical industry are the
American Society of Mechanical Engineers (ASME) and the American
Petroleum Institute (API).

Probability of failure. To determine the probability of a failure, two fun-
damental issues must be considered: first, the different forms of corro-
sion and their rate, and second, the effectiveness of inspection. Clearly
the input of corrosion experts is required in order to identify the rele-
vant forms of corrosion in a given situation and to determine the key
variables affecting the propagation rate. It is also important to realize
that full consensus and supporting data on the variables involved are
highly unlikely in real-life complex systems and that simplification
will invariably be necessary.

One semiquantitative approach for ranking process equipment is
based on internal probability of failure (POF). The procedure involves
an analysis of equipment process and inspection parameters, and
ranks equipment on a scale of 1 to 3 with 1 being the highest priority.
It requires a fair degree of engineering judgment and experience, and
therefore is dependent on the background and expertise of the analyst.
The procedure is designed to be both practical and efficient. The POF
is intended to be a convenient and reproducible means for establishing
equipment inspection priorities. As such, it facilitates the most effi-
cient use of finite inspection resources when and where 100 percent
inspection is not practical.

The POF approach is based on a set of rules that are heavily depen-
dent on detailed inspection histories, knowledge of corrosion process-
es, and knowledge of normal and upset conditions. The equipment
rankings may have to be changed and can require updating as addi-
tional knowledge is gained, process conditions change, and equipment
ages. Maximum benefits of the procedure depend on fixed equipment
inspection programs that permit the capture, documentation, and
retrieval of inspection, maintenance, and corrosion/failure mechanism
information. However, the POF procedure is only one-half of a risk-
based inspection procedure. The POF ranking has to be combined with
a consequence ranking to provide a true risk-based ranking.

Consequences of failure. To assess the consequences of failure, input
from experts in process engineering, safety, health, environmental
engineering, etc., is obviously important. Three dominant factors are
considered in consequence analysis: the types of species that could be
released into the environment and their associated hazards, the
amount available for release, and the rate of release.3 Corrosion and
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materials engineering expertise is required to estimate the amount and
nature of damage that could result. Different corrosion mechanisms
can produce different morphologies of damage. The difference in impact
of the release rate created at a pinhole leak and that at a large rupture
is a good example of this aspect of consequence sensitivity. Another
important field covered by corrosion engineering is that of materials
properties. For example, the risk of a catastrophic explosion as a result
of cracks is obviously greater in a brittle material (where they are asso-
ciated with high release rates) than in a material with higher fracture
toughness. The toughness of a material is a key parameter in determin-
ing so-called leak-before-break safety criteria and the general tolerance
toward defects. An understanding of how toughness can be reduced in
service over time is thus obviously important.

Application of RBI. Horvath has outlined three approaches to risk
reduction that are incorporated in the API RBI program:3

■ Optimization of the inspection and monitoring strategy
■ Changes in materials of construction
■ Control of key process parameters

The inspection and monitoring plan can be reviewed and modified,
essentially to shift inspection from overinspected low-risk to underin-
spected high-risk equipment. Furthermore, inspection techniques
should be selected to address all relevant damage mechanisms identi-
fied in the RBI program. Inspection points should correspond to the
most likely areas of corrosion damage. Inspection intervals need to
reflect the rate of corrosion damage and how it may change over time.

Since RBI analysis includes corrosion rates for different materials,
such data can be used for alloy selection on a risk reduction vs. cost basis.
The RBI methodology will assist in selecting materials rationally, rather
than merely succumbing to the temptation of minimizing initial con-
struction costs. Such a short-term view obviously does not take future
inspection requirements and future materials upgrades into account.

The benefits of identifying key process parameters affecting corro-
sion (and other) damage should be apparent, especially if these 
parameters are subsequently monitored to ensure that they remain
within safe operating windows. The impact on risk of any process
changes can also be rationally assessed on the basis of RBI.

6.3 The Maintenance Revolution

Maintenance costs represent a significant portion of operating budgets
in most industrial sectors, particularly where aging structures or plant
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is involved. Modern approaches to maintenance management (some-
times referred to as profit-centered maintenance) are designed to min-
imize these costs and to improve the reliability and availability of plant
and equipment. In this context, maintenance activities are treated as
an investment, not as an organizational liability. However, as part of
overall rationalization, the maintenance function often has to be per-
formed with shrinking technical and financial resources, making focus
on the most critical items a logical development. In many cases, “old”
corrective maintenance and time-based preventive maintenance prac-
tices are inadequate to meet modern demands. The consequences of
poor maintenance practices and/or inadequate investment in the main-
tenance function are the following:

■ Reduced production capacity. Not only will there be an increase in
downtime, but, importantly, assets will underperform during
uptime.

■ Increased production costs. Whenever assets are not performing at
optimal level, real cost and opportunity cost penalties are incurred.

■ Lower-quality products and services. The ultimate consequence
will be customer dissatisfaction and probably lost sales.

■ Safety hazards. Failures can lead to loss of life, injuries, and major
financial losses.

6.3.1 Maintenance strategies

Four general types of maintenance philosophies or strategies can be
identified, namely, corrective, preventive, predictive, and reliability-
centered maintenance. Predictive maintenance is the most recent
development. In practice, all these types are used in maintaining engi-
neering systems. The challenge is to optimize the balance among them
for maximum profitability. In general, corrective maintenance is the
least cost-effective option when maintenance requirements are high.

Corrective maintenance. Corrective maintenance refers to action taken
only after a system or component failure has occurred. It is thus a
retroactive strategy. The task of the maintenance team in this scenario
is usually to effect repairs as soon as possible. Costs associated with
corrective maintenance include repair costs (replacement components,
labor, and consumables), lost production, and lost sales. To minimize
the effects of lost production and speed up repairs, actions such as
increasing the size of maintenance teams, using backup systems, and
implementation of emergency procedures can be considered.
Unfortunately, such measures are relatively costly and/or effective
only in the short term. For example, if heat-exchanger tubes have
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leaked as a result of pitting corrosion and it is urgent that production
proceed, it may be possible to plug the leaking tubes on a short-term
basis. Obviously, such measures do not assure the longer-term perfor-
mance of a heat exchanger.

Preventive maintenance. In preventive maintenance, equipment is
repaired and serviced before failures occur. The frequency of main-
tenance activities is predetermined by schedules. The greater the con-
sequences of failure, the greater the level of preventive maintenance
that is justified. This ultimately implies a tradeoff between the cost of
performing preventive maintenance and the cost of running the equip-
ment until failure occurs. Of course, preventive maintenance tasks can
also be dictated by safety, environmental, insurance, or other regula-
tory considerations.

Inspection assumes a crucial role in preventive maintenance strate-
gies. Components are essentially inspected for corrosion and other
damage at planned intervals, in order to enable corrective action before
failures actually occur. Performing preventive maintenance at regular
intervals will usually result in reduced failure rates. As significant
costs are involved in performing preventive maintenance, especially in
terms of scheduled downtime, good planning is vital. To maximize asset
value and performance, the basic aim is to perform preventive main-
tenance just before serious damage would set in otherwise.

Furthermore, the level of preventive maintenance activity needs to
be driven by the importance of the equipment to the process and the
desired level of reliability. In modern complex systems, computerized
preventive maintenance systems are used to accomplish these objec-
tives in plants of most sizes. A preventive maintenance system also
needs to be dynamic; for example, there should be some mechanism for
review of preventive tasking to ensure that the tasks are still valid and
to see if any task can be replaced with a predictive task.4

Predictive maintenance. Predictive maintenance refers to maintenance
based on the actual condition of a component. Maintenance is per-
formed not according to fixed preventive schedules, but rather when a
certain change in characteristics is noted. Corrosion sensors that sup-
ply diagnostic information on the condition of a system or component
play an important role in this maintenance strategy. Preventive main-
tenance aims to eliminate unnecessary inspection and maintenance
tasks, to implement additional maintenance tasks when and where
needed, and to focus efforts on the most critical items.

A useful analogy to automobile oil changes can be made. Changing
the oil every 5000 km to prolong engine life, irrespective of whether
the oil change is really needed or not, is a preventive maintenance
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strategy. Predictive maintenance would entail changing the oil based
on changes in its properties, such as the buildup of wear debris. When
a car is used exclusively for long-distance highway travel and is driven
in a very responsible manner, oil analysis may indicate a longer criti-
cal service interval.

Some of the resources required to perform predictive maintenance
will be available from the reduction in breakdown maintenance and the
increased utilization that results from proactive planning and schedul-
ing. Good record keeping is very important in identifying repetitive
problems and the problem areas with the highest potential impact.

Reliability-centered maintenance. Reliability-centered maintenance
(RCM) involves the establishment or improvement of a maintenance
program in the most cost-effective and technically feasible manner. It
utilizes a systematic, structured approach that is based on the conse-
quences of failure. As such, it represents a shift away from time-based
maintenance tasks and emphasizes the functional importance of sys-
tem components and their failure and maintenance history. RCM is not
a particular maintenance strategy, such as preventive maintenance;
rather, it can be employed to determine whether preventive maintenance
is the most effective approach for a particular system component.

The concept of RCM has its roots in the early 1960s. RCM strategies
for commercial aircraft were developed in the late 1960s, when wide-
body jets were introduced into commercial airline service.5 A major
concern of airlines was that existing time-based preventive maintenance
programs would threaten the economic viability of larger, more com-
plex aircraft. With the time-based maintenance approach, components
are routinely overhauled after a certain amount of flying time. In con-
trast, as pointed out above, RCM determines maintenance intervals
based on the criticality of a component and its performance history.
The experience of airlines with the RCM approach was that mainte-
nance costs remained roughly constant, but that the availability and
reliability of their planes improved.5 RCM is now standard practice for
most of the world’s airlines.

The initial development work was done by the North American civil
aviation industry through “maintenance steering groups,” or MSGs.
The MSGs were established to reexamine everything that was being
done to keep aircraft airborne. These groups consisted of representa-
tives of the aircraft manufacturers, the airlines, and the FAA. The first
attempt at a rational, zero-based process for formulating maintenance
strategies was promulgated by the Air Transport Association in
Washington, D.C., in 1968. This first attempt is now known as MSG 1
(from the first letters of maintenance steering group). A refinement,
now known as MSG 2, was promulgated in 1970.
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In the mid 1970s, the U.S. Department of Defense wanted to know
more about the then state of the art in aviation maintenance think-
ing. It commissioned a report on the subject from the aviation indus-
try. This report was written by Stanley Nowlan and Howard Heap of
United Airlines. They gave it the title “Reliability Centered
Maintenance.” The report was published in 1978, and it is still one of
the most important documents in the history of physical asset man-
agement.6,7 Nowlan and Heap’s report represented a considerable
advance on MSG 2 thinking. It was used as a basis for MSG 3, which
was promulgated in 1980. MSG 3 has since been revised twice.
Revision 1 was issued in 1988, and revision 2 in 1993. (See Sec. 4.2.2.)
It is used to this day to develop prior-to-service maintenance pro-
grams for new types of aircraft (recently including the Boeing 777
and Airbus 330/340).

Following the application of RCM in commercial aviation and
defense, these methodologies have also been applied to maintenance
programs in the nuclear power, chemical processing, fossil fuel power
generation, and other industries. Potential benefits of RCM include

■ Maintaining high levels of system reliability and availability
■ Minimizing “unnecessary” maintenance tasks
■ Providing a documented basis for maintenance decision making
■ Identifying the most cost-effective inspection, testing, and main-

tenance methods

6.3.2 Life-cycle asset management

There are significant improvements, in terms of both costs and effi-
ciency, that can be made through the implementation of asset man-
agement and maintenance systems and practices. It is critical that
assets be fit for their purpose, perform safely and with respect for envi-
ronmental integrity, and, most of all, deliver what the users want,
when and where they want it.8 Asset management refers to the effec-
tive management of assets from the time of planning for their acquisi-
tion until their eventual disposal.

In life-cycle asset management, the aim is to maximize the return
on the investment in assets by providing comprehensive information
about their condition and value throughout their life. The emphasis is
not on the short-term costs of an asset, but rather on the total value
(performance) through its entire life. The optimum value of an asset
is dependent upon an optimum level of investment. Both the asset
value and the available investment levels are a function of time, a
variable that assumes major importance in life-cycle asset manage-
ment (Fig. 6.3).
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The pressure to make sound decisions with respect to construction,
inspection and maintenance methods and priorities is never greater than
during difficult economic times. The main challenge for maintenance
managers is to ensure that (scarce) available resources are applied opti-
mally to the (extensive) maintenance requirements. The most critical
requirements should be addressed first, followed by prioritization of the
remaining maintenance needs. Life-cycle asset management can go a
long way toward providing solutions to this challenge. It can be used to
justify maintenance budgets, prioritize maintenance expenditures, and
predict the need to acquire new assets. Life-cycle asset management
focuses on the application of three basic facility management tools: life-
cycle costing, condition assessment, and prioritization.

Life-cycle costing. Life-cycle costing utilizes universally accepted
accounting practices for determining the total cost of asset ownership
or projects over the service life. The basics of corrosion economics are
detailed in Appendix C. The economic analysis is usually performed in
order to compare competing alternatives. Since the initial capital out-
lay, support and maintenance costs over the service life, and disposal
costs are considered, the time value of money is of major importance
in life-cycle costing. Discounting future cash flows to present values
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Value

Time

Assets

Investment ($)
Figure 6.3 The three key variables in life-cycle asset management: the value
obtained from an asset and the investment made in the asset, both considered as a
function of time.

0765162_Ch06_Roberge  9/1/99 5:01  Page 388



essentially reduces all associated costs to a common point in time for
objective comparison.

In practice, defining and controlling life-cycle costs is difficult. The
future behavior of materials is often uncertain, as are the future uses
of most systems, the environmental conditions to which they may be
exposed, and the financial and economic conditions that influence rela-
tionships between present and future costs. An effective life-cycle cost
analysis depends on having a reasonable range of possible alternatives
that are likely to deliver equally satisfactory service over a given ser-
vice life. Substantial obstacles to implementing life-cycle cost control
in practice include9

■ Failure of designers to include life-cycle cost goals in their design
criteria

■ Failure of owners or managers with short-term responsibility to con-
sider effectively the longer-term impact of their decisions on opera-
tions and maintenance requirements

■ General desires to minimize the initial expenditures to create short-
term “gains” that will increase return on investment, meet bud-
getary restrictions, or both

■ Lack of data and accepted industry standards for describing the
maintenance effect and operational performance of components

■ Procurement procedures that limit design specificity to enhance
competition

■ Administrative separation of responsibilities for design, construc-
tion, and maintenance

Several decades of experience suggest that improved life-cycle cost
management can be achieved through development and application of
systematically structured and comprehensive life-cycle cost manage-
ment. Over the longer term, there is a broad range of actions that
managers should consider:9

■ Formally recognize control of life-cycle cost as an essential and effec-
tive element of success.

■ Include explicit assessment of design alternatives that influence life-
cycle cost as an element of designers’ scope of work and fees.

■ Assure that value engineering programs and production contract
incentives and other procurement mechanisms demonstrate savings
in expected life-cycle cost.

■ Direct designers to document clearly their design decisions made to
control life-cycle cost and the subsequently expected operating con-
sequences.
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■ Implement cross training and exchange of design and operations
and maintenance management personnel to assure that life-cycle
cost is controlled at all stages of service life.

■ Establish a life-cycle cost management system to maintain opera-
tions and maintenance (O&M) data and design decisions in a form
that supports operations and maintenance.

■ Assign accountability for maintenance and repair at the highest lev-
els in the organization. Responsibilities should include effective use
of maintenance and repair funds and other actions required to vali-
date prior facility life-cycle cost management decisions.

Condition assessment. A second major component of life-cycle asset
management is systematic condition assessment surveys (CAS). The
objective of CAS is to provide comprehensive information about the
condition of an asset. This information is imperative for predicting
medium- and long-term maintenance requirements, projecting
remaining service life, developing long-term maintenance and replace-
ment strategies, planning future usage, determining the available
reaction time to damage, etc. Therefore, CAS is in direct contrast to a
short-term strategy of “fixing” serious defects as they are found. As
mentioned previously, such short-sighted strategies often are ulti-
mately not cost-effective and will not provide optimum asset value and
usage in the longer term. CAS includes three basic steps:9

■ The facility is divided into its systems, components, and subcompo-
nents, forming a work breakdown structure (WBS).

■ Standards are developed to identify deficiencies that affect each
component in the WBS and the extent of the deficiencies.

■ Each component in a WBS is evaluated against the standard.

CAS allows maintenance managers to have the solid analytical infor-
mation needed to optimize the allocation of financial resources for repair,
maintenance, and replacement of assets. Through a well-executed CAS
program, information will be available on the specific deficiencies of a
facility system or component, the extent and coverage of those deficien-
cies, and the urgency of repair. The following scenarios, many of which
will be all too familiar to readers, indicate a need for CAS as part of cor-
rosion control strategies:

■ Assets are aging, with increasing corrosion risks.
■ Assets are complex engineering systems, although they may not

always appear to be (for example, “ordinary” concrete is actually a
highly complex material).
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■ Assets fulfilling a similar purpose have variations in design and
operational histories.

■ Existing asset information is incomplete and/or unreliable.
■ Previous corrosion maintenance or repair work was performed but

poorly documented.
■ Information on the condition of assets is not transferred effectively from

the field to management, leaving the decision makers ill informed.
■ Maintenance costs are increasing, yet asset utilization is decreasing.
■ There is great variability in the condition of similar assets, from

poor to excellent. The condition appears to depend on local operating
microenvironments, but no one is sure where the next major prob-
lem will appear.

■ The information for long-term planning is very limited or nonexistent.
■ An organization’s commitment to long-term strategies and plans for

corrosion control is limited or lacking.

A requirement of modern condition assessment surveys is that the
data and information ultimately be stored and processed using com-
puter database systems. As descriptive terms are unsuitable for these
purposes, some form of numerical coding to describe the condition of
engineering components is required. An example of assigning such
condition codes to galvanized steel electricity transmission towers is
shown in Table 6.3.10 Such numbers will tend to decrease as the sys-
tem ages, while maintenance work will have the effect of upgrading
them. The overall trend in condition code behavior will thus indicate
whether maintenance is keeping up with environmental deterioration.

Prioritization. Prioritizing maintenance activities is central to a
methodical, structured maintenance approach, in contrast to merely
addressing maintenance issues in a reactive, short-term manner.
From the preceding sections, it should be apparent that life-cycle asset
management can be used to develop a prioritization scheme that can
be employed in a wide set of funding decisions, not just maintenance
go–no-go decisions. This entails the methodical evaluation of an action
against preestablished values and attributes. Prioritization method-
ologies usually involve a numerical rating system, to ensure that the
most important work receives the most urgent attention. The critical-
ity of equipment is an important element of some rating systems. Such
an unbiased, “unemotional” rating will ensure that the decisions made
will lead to the best overall performance of an engineering system,
rather than overemphasizing one of its parts. Preventive maintenance
work generally receives a high priority rating.
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Computerized asset management and maintenance system. In view of the
potential increase in efficiency, it is not surprising that computerized
asset management and maintenance systems (CAMMS) are becoming
increasingly important. Their acquisition alone, however, does not guar-
antee success in solving problems and increasing profitability. In fact, in
the short term, considerable resources may have to be invested before
longer-term benefits can be realized. Once a decision has been made to
launch a CAMMS initiative, there are six basic issues that deserve spe-
cial consideration: planning, integration, technology, ease of use, asset
management functionality, and maintenance functionality.

Planning. A decision to introduce CAMMS in an organization is a major
one, representing a fundamental shift in business culture. The lack of
proper planning for CAMMS has been identified as one of the biggest
obstacles to success. The planning phase needs to be tackled before the
purchasing phase, and significantly more time and effort should be
spent in planning than in purchasing. The formulation of detailed goals
and objectives is obviously important, together with developing a game
plan for companywide commitment to the implementation process.

Integration. The vast number of capabilities and features of modern
CAMMS can be overwhelming and confusing. Furthermore, an enor-
mous amount of data will typically have to be collected and entered into
the computer system. A sensible approach, therefore, is to gradually
integrate CAMMS into the existing system. Implementation in an incre-
mental manner is assisted by software that has a modular architecture.
Planning this incremental integration has been shown to be a keystone
for success. In this strategy, CAMMS is initially complementary to the
existing system while providing long-term capabilities for full integra-
tion with other company divisions, such as human resources, finance,
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TABLE 6.3 Selected Condition Coding Criteria Described by Marshall (1998)10 for
Galvanized Electricity Transmission Towers

Condition code, % Equivalent field assessment

100 New steel; bright, smooth spangled surface. Dark patches on some  
thicker members.

90 Surface dulled to a matte gray finish.
60 Threads and heads on nuts and bolts start to develop speckled

rust. Some darkening red-brown on the undersides of light
bracing in cleaner areas, thick crusting in coastal areas.

30 Many bracing members now rusty or turning brown. Large
numbers of bolts need to be replaced to retain structural
integrity.

10 Holes through many light bracing members, some falling off
structure. Severe metal loss on medium-thickness members; 
flaking rust on legs.
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scheduling, regulation, condition monitoring, etc. The compatibility of
computerized data and information used across different departments
with CAMMS is an important requirement in the longer run.

Technology. The investment in computerization is obviously a consid-
erable one in terms of both software and hardware. While the technol-
ogy should obviously be up to date and leading edge, it is also
important to consider how adaptable it is for future use and how easi-
ly it can be upgraded, to avoid having to make major reinvestments.
At present, a good example of positioning products for future use is a
focus on network (intranet and Internet) applications. The nature of
the hardware platforms and software development tools used is impor-
tant in this respect. If these are of a “mainstream” nature, they are
more likely to be flexible and adaptable to future requirements.
Furthermore, compatibility across different departments is more likely
to be achieved with mainstream software development tools and oper-
ating systems.

Ease of use. User-friendliness is obviously a key element for the suc-
cessful implementation of CAMMS. If PC software is based on a dom-
inant operating system, user confidence in it will be greater. After-sale
support and service will invariably be required in order to make opti-
mal use of the product, unless a sizable information management
department is available in-house to give comprehensive support. In
selecting a CAMMS vendor, therefore, the ability to provide support
service should be factored in. Multilingual capabilities may be
required for corporations with multilanguage needs. Several coun-
tries, such as Canada, have more than one official language. In such
cases, government departments/agencies and their suppliers typically
have multilanguage needs. User-friendliness is also most important to
the (major) task of inputting data/information and doing so accurate-
ly. Spelling and typing mistakes in data entry can prove to be a major
headache in subsequent information retrieval. Modern database soft-
ware tools can make provision for validating data entries in a user-
friendly manner.

Asset management functionality. The key function of CAMMS is to track
and measure the output and contribution of the company’s mainte-
nance operation relative to overall operations. When comparing one
computerized maintenance management solution to another, the abil-
ity to measure the impact of maintenance on producing quality goods
and services through the use of the organization’s assets is ultimately
the most important factor. If this requirement is satisfied, mainte-
nance managers will ultimately benefit because they can justify the
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human and financial resources used for maintenance tasks to senior
management.

Maintenance functionality. The maintenance functionality of the system
represents the core operations that need to be carried out by the main-
tenance department. Desired features include the capabilities of man-
aging the maintenance budgets, purchasing functions, and work order
scheduling, as well as project and materials management. For exam-
ple, daily work orders can be uploaded from CAMMS by middle man-
agement for use by shop-floor maintenance supervisors. At the end of
the day, these processed orders can be downloaded back into CAMMS.
Modern computing networks and software can facilitate the seamless
transfer of such information. Thus, using CAMMS, this information
can be processed, stored, and retrieved in a highly efficient manner. In
an alternative “conventional” system, a work order would have to be
drawn up on paper; it would then change hands several times and ulti-
mately be filed manually. If, say, 50 paper-based work orders are
processed daily in this manner, the risk of losing information and the
human effort of storing, retrieving, and reporting information are con-
siderably greater than with the CAMMS alternative.

6.3.3 Maintenance and reliability in the field

The minimization or elimination of corrective maintenance is impor-
tant from the perspective of introducing statistical process control,
identifying bottlenecks in integrated processes, and planning an effec-
tive maintenance strategy. Process data are obviously of vital impor-
tance for these aspects, but processes operating in a breakdown mode
are not stable and yield data of very little, if any, value.

The shift from reactive corrective maintenance toward proactive
predictive maintenance represents a significant move toward
enhanced reliability. However, efforts designed to identify problems
before failure are not sufficient to optimize reliability levels.
Ultimately, for enhanced reliability, the root causes of maintenance
problems have to be determined, in order to eliminate them. The high-
est-priority use of root cause analysis (RCA) should be for chronic,
recurring problems (often in the form of “small” events), since these
usually consume the majority of maintenance resources. Isolated prob-
lems can also be analyzed by RCA.

RCA is a structured, disciplined approach to investigating, rectifying,
and eliminating equipment failures and malfunctions. RCA procedures
are designed to analyze problems to much greater depth (the “roots”)
than merely the mechanisms and human errors associated with a fail-
ure. The root causes lie in the domain of weaknesses in management
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systems. For example, a pump component may repeatedly require
maintenance because it is being damaged by a general corrosion mech-
anism. The root cause of the problem may have been incorrect pur-
chasing procedures.

The maintenance revolution at electric utilities. Douglas has described
the changing maintenance philosophy at electric utilities. The mainte-
nance revolution in electric utility operations has been driven by sev-
eral factors. A brief summary of these follows:5,11

■ Markets are becoming more open and competitive, leading to
emphasis on cost issues.

■ Operating and maintenance costs can be directly controlled by a
utility.

■ The relative importance of operating and maintenance costs has
been rising for more than a decade.

■ Assets are aging, leading to increasing maintenance requirements,
especially on the fossil fuel generation side.

■ At the turn of the century, nearly 70 percent of U.S. fossil fuel plants
(43 percent of fossil fuel generation capacity in the United States)
will be more than 30 years old, with many critical plants approach-
ing the end of their nominal design life. Utilities are often planning
to extend the service life of these plants even further, possibly even
under more severe operating conditions.

To meet the above challenges, two fundamental initiatives are under
way, namely, shifts to reliability-centered maintenance and predictive
maintenance. Broadly speaking, prior to the maintenance revolution,
the utilities’ maintenance approach had essentially been one of pre-
ventive maintenance on “all” components after “fixed” time intervals,
irrespective of the components’ criticality and actual condition. The
shortcomings of this approach included the following: (1) overly con-
servative maintenance requirements, (2) limited gains in reliability
from investments in maintenance, (3) inadequate preventive mainte-
nance on key components, and (4) added risk of worker exposure to
radiation through unnecessary maintenance. Anticipated benefits of
the revised approach are related not only to reduced maintenance
costs but also to improved overall operational reliability.

The nuclear power generating industry followed the aviation sector
in RCM initiatives, with an emphasis on preventing failures in the
most critical systems and components (those with the most severe con-
sequences of failure). The following three tasks dominated the imple-
mentation of RCM in nuclear power generation:
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■ Failure modes and effects analysis (FMEA) to identify the components
that were most vital to overall system functionality

■ Logic tree analysis to identify the most effective maintenance proce-
dures for preventing failure in the most critical parts

■ Integration of RCM into the existing maintenance programs

The introduction of RCM procedures into fossil fuel plants and pow-
er delivery systems can be streamlined because of less restrictive reg-
ulations. For example, the FMEA and logic tree analyses were
combined into a process called criticality analysis. The main difference
in implementing RCM in power generation compared with the avia-
tion industry is that for power plants, RCM has to be implemented in
existing plants with existing “established” maintenance practices. The
airline industry had the benefit of creating new RCM programs for
new aircraft, in collaboration with suppliers of the new airliners.
Successes cited by Douglas from the implementation of RCM programs
include the following:5

■ Savings in annual maintenance costs (excluding benefits from
improved plant availability), with a payback period of about four
and a half years

■ Reduced outage rate at a nuclear plant and an estimated direct
annual maintenance cost saving of half a million dollars

■ A 30 percent reduction in annual maintenance tasks in the ash
transport system of a fossil fuel plant

■ A fivefold reduction in annual maintenance tasks in a wastewater
treatment system

■ Maintenance cost savings and increased plant availability at fossil
fuel generating units

■ In the long term, improved design changes for improved plant reli-
ability

The predictive maintenance component involves the use of a variety
of modern diagnostic systems and is viewed as a natural outcome of
RCM studies. Such “smart” systems diagnose equipment condition
(often in real time) and provide warning of imminent problems. Hence,
timely maintenance can be performed, while avoiding unnecessary
maintenance and overhauls.

Two types of diagnostic technologies are available. Permanent, on-
line systems provide continuous coverage of critical plant items. The
initial costs tend to be high, but high levels of automation are possible.
Systems that are designed for periodic condition monitoring are less
costly in the short term but more labor-intensive in the long run.
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Developments in advanced sensor technologies, some of them spin-offs
from military and space programs, are expected to expand predictive
maintenance capabilities considerably. Ultimately, the information
obtained from such sensors is to be integrated into RCM programs.

Even with automated and effective diagnostic systems in place,
plant personnel have experienced some difficulties with data evalua-
tion. These problems arose when diagnostic systems provided more
data than maintenance personnel had time to evaluate, or when the
systems provided inaccurate or conflicting data. Efforts to correct such
counterproductive situations have required additional corporate
resources for evaluating, demonstrating, and implementing diagnostic
systems, together with increased focus on automation and computeri-
zation of analysis and reporting tasks.

The use of corrosion sensors in flue gas desulfurization (FGD) sys-
tems falls into the predictive maintenance domain. This application,
initiated by the Electric Power Research Institute (EPRI), was related
to corrosion of outlet ducts and stacks, a major cause of FGD system
unavailability.12 If condensation occurs within the stack and ducting,
rapid corrosion damage will occur in carbon steel as a result of the for-
mation of sulfuric acid. Options for corrosion control include main-
taining the temperature of the discharged flue gas above the dew point
and the introduction of a corrosion-resistant lining material. Both
these options have major cost implications. The corrosion sensors were
of the electrochemical type and were designed specifically to perform
corrosion measurements under thin-film condensation conditions and
to provide continuous information on the corrosion activity. Major ben-
efits obtained from this information included a delay in relining the
outlet ducts and stack (estimated cost saving of $3.2 million) and more
efficient operations with reduced outlet gas temperatures.

PWR corrosion issues. The significance of corrosion damage in electric
utility operations, in terms of its major economic and enormous public
safety implications, is well illustrated in the technical history of nuclear
pressurized water reactors (PWRs). The majority of operational nuclear
power reactors in the United States are of this reactor design. The prin-
ciple of operation of such a reactor is shown schematically in Fig. 6.4. In
the so-called reactor vessel, water is heated by nuclear reactions in the
reactor core. This water is radioactive and is pressurized to keep it from
boiling, thereby maintaining effective heat transfer. This hot, radioac-
tive water is then fed to a steam generator through U-shaped tubes. A
reactor typically has thousands of such tubes, with a total length of sev-
eral kilometers. In the steam generator, water in contact with the out-
side surfaces of the tubes is converted to steam. The steam produced
drives turbines, which are connected to electricity generators. After
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passing over the turbine blades, the steam is condensed in a heat
exchanger and returned to the steam generator.

Steam generator problems, notably deterioration of the steam gen-
erator tubes, have been responsible for forced shutdowns and capacity
losses. These tubes are obviously a major concern, as they represent a
fundamental reactor coolant pressure boundary. The wall thickness of
these tubes has been compared to that of a dime. The safety issues con-
cerning tube failures are related to overheating of the reactor core
(multiple tube ruptures) and also release of radioactivity from a rup-
ture in the pressurized radioactive water loop. The cost implications of
repairing and replacing steam generators are enormous: replacement
costs are $100 to $300 million, depending on the reactor size. Costs of
forced shutdowns of a 500-MW power plant may exceed $500,000 per
day. Costs of decommissioning a plant because of steam generator
problems run into hundreds of millions of dollars.

Corrosion damage in steam generator tubes. The history of corrosion damage
in steam generator tubes has been described in detail elsewhere.11,13

The problems have mainly been related to Alloy 600 (a Ni, Cr, Fe alloy)
and have contributed to seven steam generator tube ruptures, numer-
ous forced reactor shutdowns, extensive repair and maintenance work,
steam generator replacements, and also radiation exposure of plant
personnel. A brief summary follows.
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In the early to mid-1970s, problems of wall thinning were identified.
Tube degradation resulted in a need for steam generator replacement
in several plants after only 10 to 13 years of operation, a small fraction
of the design life and licensing period. Initially, water treatment prac-
tices were based on experience from fossil fuel plants. While the water
chemistry was obviously closely controlled and monitored to minimize
corrosion damage, a fundamental phenomenon tended to lead to more
corrosive conditions than had been anticipated from the bulk water
chemistry. The formation of steam on the external tube surfaces
implied that boiling and drying out could occur in numerous crevices
between the tubes and the support structures. Clearly, this could lead
to a concentration of corrosive species and the formation of highly cor-
rosive microenvironments. Furthermore, corrosion products tended to
accumulate at the bottom of steam generators, again creating crevice
corrosion conditions together with surface drying, and producing high-
ly corrosive microenvironments. This effect proved to be very severe at
the tube sheet, where the tubes enter the reactor. Not surprisingly,
excessive local tube thinning was found to occur at such crevice sites.

The early corrosion problems were partly addressed by replacing
sodium phosphate water treatment with an all-volatile treatment
(AVT), whereby water was highly purified and ammonia additions
were made. The addition of volatile chemicals essentially does not
add to the total dissolved solids in the water, and hence concentra-
tion of species is ameliorated. However, with AVT, a new corrosion
problem was manifested, namely, excessive corrosion of carbon steel
support plates. The buildup of voluminous corrosion products at the
tube–support plate interface led to forces high enough to dent the
tubes. These problems were overcome by modifications to the water
treatment programs.

A more recent corrosion problem identified is intergranular corro-
sion, again in the crevices between tubes and tube sheets, where
deposits tend to accumulate. In the presence of stresses, either residual
or operational, the problem can be classified as intergranular stress
corrosion cracking (IGSCC). This form of cracking has been common in
the U-bend region of tubes and also where tubes have been expanded
at the top of tube sheets, where residual fabrication stresses prevail.
Most recently, localized intergranular corrosion damage has been
observed in older steam generators in the vicinity of support plates.

Inspection and maintenance for steam generator tubes. The scope and frequency
of steam generator tube inspections depends on the operating history of
the individual plant. In cases where operating records show extensive
tube degradation, all the tubes are inspected at each shutdown. Modern
inspection techniques are listed in Table 6.4, and Table 6.5 shows what
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TABLE 6.4 Advanced Inspection Techniques for the Characterization of
Equipment Integrity

Inspection method Special advantage

X-ray Interior of opaque parts
Gamma radiography Heavy material sections
Magnetic particle Discontinuities near the surface
Contact ultrasonic Simple geometries—all materials
Visible and fluorescent liquid penetrant Surface discontinuities
Eddy-current/electromagnetic Discontinuities
Infrared inspection Temperature differentials
Metallographic/replication Grain growth–life expectancy
Acoustic emission Active/growing defects

TABLE 6.5 Summary of Corrosion Mechanisms
Detected by In-Service Inspection Methods in
LWR, BWR, and PWR systems

Uniform corrosion
Visual, leakage testing

Service corrosion
Leakage testing

Microbiologically influenced corrosion
Visual, leakage testing

Pitting corrosion
Visual, leakage testing
Eddy-current, optical scanner
Sonic leak detector

Intergranular stress corrosion cracking
Surface examination
Visual, leakage testing
Weld inspection, ultrasonic
Moisture-sensitive tape

Transgranular stress corrosion cracking
Visual, leakage testing

Differential aeration
Visual, leakage testing

Galvanic corrosion
Visual, leakage testing

Erosion corrosion
Wall thickness, eddy-current
Surface examination
Ultrasonic
Radiography

Fatigue/corrosion
Surface examination

Thinning
Eddy-current

Stress corrosion cracking
Visual
Surface examination
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corrosion mechanisms have been detected with certain inspection tech-
niques in the nuclear power generation industry.

If severe damage is detected, two basic choices are available: The
tube can be either plugged (provided that the fraction of plugged tubes
is only 10 to 20 percent) or covered with a metallic sleeve. Initial guide-
lines established by the Nuclear Regulatory Commission (NRC) called
for such actions when the defect size reached 40 percent of wall thick-
ness. Efforts are under way to refine this approach by considering
allowable flaw sizes in relation to the mechanism of degradation, the
material type, the tube dimensions, and the expected stress levels.
New experimental initiatives in tube repair include laser welding of
sleeves, direct laser melting of damaged tubes to cover damaged areas,
and laser repairs using additional alloy wire.

Corrosion prevention measures have included even more stringent
water treatment and removal of problematic corrosion product
deposits. Chemical cleaning guidelines have been established for crit-
ical areas, and a robotic device for inspection and high-water-pressure
cleaning of crevice geometries has been developed.

Replacement generators feature more corrosion-resistant materials,
such as Alloy 690 tubes and stainless steel support plates, and new fab-
rication methods designed to minimize residual stresses in the tubes.
The methodologies for removal and replacement of steam generators
have also been improved, especially the design of the containment
structures, which originally did not consider a need for replacement.

Aircraft maintenance. Despite the intense media coverage of air
tragedies, flying remains the safest mode of transportation by far. The
reliability and safety record of aircraft operators is indeed enviable by
most industrial standards. This success is directly attributable to the
fact that modern aircraft maintenance practices are far removed from
reliance on retroactive corrective procedures. Other industries can
learn several valuable lessons from current aircraft maintenance
methodologies.

In the design of modern aircraft, ease of maintenance is a critical
item. Manufacturers elicit feedback from operators on maintenance
issues as part of the design process. As discussed earlier, RCM is fun-
damental to maintenance programs in modern aircraft operations.
Importantly, RCM principles are already invoked at the design stage.

Preventive maintenance is particularly important on a short-term
day-to-day basis. Strict scheduling and adherence to regulations are
rigorously employed. Documentation is also an essential part of air-
craft maintenance; essentially, all maintenance procedures have to be
fully documented. The extent of preventive maintenance procedures
increases with increasing flying time. A so-called D check represents a
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major maintenance overhaul, with major parts of the aircraft disman-
tled, inspected, and rebuilt. Hoffman has provided a fascinating
insight into such inspection and maintenance procedures, including
the issue of finding and repairing aircraft corrosion damage.14 For
example, on a Boeing 747, one-quarter of a D check involved 38,000
planned hours of labor, tens of thousands of unplanned hours, comple-
tion of a 5000-page checklist, and some 1600 nonroutine discrepancies.
A North American airline performs these preventive maintenance pro-
cedures after every 6200 hours of flight. As aircraft get older, the time
between maintenance checks is decreased.

The galley and washroom areas on aircraft are notorious for their
high risk of corrosion, particularly because of the corrosive effects of
beverage (e.g., coffee) and human excrement spills. An aircraft opera-
tor reported to one of the authors a reduction in corrosion maintenance
tasks following the replacement of notoriously awkward stand-up
washroom facilities in military transport planes!

Predictive maintenance efforts are directed at ensuring long-term
aircraft reliability. The nature of these programs is evolving as a result
of technology innovations and improvements. While several forms of
diagnostic procedures are available for on-line condition assessment,
such as advanced engine diagnostic telemetry, the aircraft industry
still lags behind in this area, as discussed in a separate section.

There are several organizational and human factors that contribute
to the success of aircraft maintenance programs. Technical mainte-
nance information flows freely across organizations, even among busi-
ness competitors. Procedures are documented, and a clear chain of
responsibility exists, with special emphasis on good, open communica-
tion channels. Airline mechanics receive intense training and rigorous
testing before certification. Ongoing training and skills upgrading is
standard for the industry. Efforts are made to feed maintenance infor-
mation back to aircraft design teams. Computer technology is used
extensively by the larger airlines to track and manage aircraft main-
tenance activities. This is further supported by the provision of com-
puterized technical drawings, parts lists, and maintenance to aircraft
maintenance personnel. Figures 6.5 to 6.8 illustrate how advances in
information technology have made the collection and presentation of
historical data quite straightforward for maintenance personnel.15

Measuring reliability—downtime. One of the most visible effects of
improvements in maintenance is a reduction in downtime, with
higher equipment availability. In most industries, a reduction in
downtime is vital to commercial success. The aircraft industry pro-
vides an excellent example of the direct major economic implications
that arise from downtime caused by corrosion or other damage. The
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Figure 6.5 Main screen of a knowledge-based system (KBS), showing the areas of a
patrol aircraft covered by an aircraft structural integrity program (ASIP).

Figure 6.6 Example of integration of graphics and database information into a KBS for
an ASIP.
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Figure 6.7 Example of context-sensitive help in a KBS for an ASIP.

Figure 6.8 Display of some critical component information resident in a KBS for an
ASIP.
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obvious starting objective is a reduction in unscheduled downtime.
The shift away from purely corrective maintenance is at the core of
this task. To show progress in maintenance programs and maintain
momentum in improvement initiatives, cost savings resulting from
reduced unscheduled downtime and the prevention of component
failures should be recorded and communicated effectively. Scheduled
shutdowns are usually of significantly shorter duration than an
unscheduled shutdown resulting from corrosion (or some other) fail-
ure. A sensible initial maintenance goal would therefore be a shift
from unplanned, unscheduled downtime to planned, scheduled
downtime.

In several industries, scheduled shutdowns are an integral part of
preventive maintenance. Valid concerns about losing production
during such scheduled interruptions can be raised, and there is an
obvious incentive to increase the time between such scheduled shut-
downs and to minimize their duration by implementing predictive
maintenance. Following the minimization of unscheduled downtime,
a reduction in scheduled downtime is the next essential challenge.4

To maximize the use of scheduled downtime, good planning of all
maintenance work is essential. Critical path analysis can be used for
such purposes. The ultimate goal is to run the equipment at its max-
imum sustainable rate, at the desired level of quality and with maxi-
mum availability. To initiate such predictive maintenance efforts, the
following methodologies have been suggested for industrial plants:4

■ Categorizing the importance of equipment and how the equipment
in each category will be monitored

■ Identifying database architectures, including point identification,
analysis parameter sets, alarm limits, etc.

■ Defining the frequency and quantity of data points collected for each
unit

■ Performing planning and walk-through inspections
■ Defining data review and problem prioritization
■ Identifying means of communicating the equipment’s condition
■ Determining methods of identifying repetitive problems and dealing

with them
■ Defining repair follow-up procedures

The development of these methodologies represents a starting
point; they can be refined further as data and information are ana-
lyzed.
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6.4 Monitoring and Managing Corrosion
Damage

Corrosion monitoring refers to corrosion measurements performed
under industrial operating conditions. In its simplest form, corrosion
monitoring may be described as acquiring data on the rate of material
degradation. However, such data are generally of limited use. They have
to be converted to information for effective decision making in the man-
agement of corrosion control. This requirement has led to the expansion
of corrosion monitoring into the domains of real-time data acquisition,
process control, knowledge-based systems, smart structures, and condi-
tion-based maintenance. Additional terminology, such as “corrosion sur-
veillance” and “integrated asset management,” has been applied to
these advanced forms of corrosion monitoring, which are included in
this section.

An extensive range of corrosion monitoring techniques and systems for
detecting, measuring, and predicting corrosion damage has evolved, par-
ticularly in the last two decades. Developments in monitoring techniques
coupled with the development of user-friendly software have permitted
new techniques that were once perceived as mere laboratory curiosities
to be brought to the field. Noteworthy catalysts to the growth of the cor-
rosion monitoring market have been the expansion of oil and gas pro-
duction under extremely challenging operating conditions (such as the
North Sea), cost pressures brought about by global competition, and the
public demand for higher safety standards. A listing of corrosion moni-
toring applications in several important industrial sectors is presented in
Table 6.6. In several sectors, such as oil and gas production, sophisticated
corrosion monitoring systems have achieved successful track records and
credibility, while in other sectors their application is only beginning.

6.4.1 The role of corrosion monitoring

Fundamentally, four strategies for dealing with corrosion are available
to an organization. Corrosion can be addressed by

■ Ignoring it until a failure occurs
■ Inspection, repairs, and maintenance at scheduled intervals
■ Using corrosion prevention systems (inhibitors, coatings, resistant

materials, etc.)
■ Applying corrosion control selectively, when and where it is actually

needed

The first strategy represents corrective maintenance practices,
whereby repairs and component replacement are initiated only after a
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failure has occurred. In this reactive philosophy, corrosion monitoring
is completely ignored. Obviously this practice is unsuitable for safety-
critical systems, and in general it is inefficient in terms of mainte-
nance cost considerations, especially in extending the life of aging
engineering systems.

The second strategy is one of preventive maintenance. The inspec-
tion and maintenance intervals and methodologies are designed to
prevent corrosion failures while achieving “reasonable” system usage.
Corrosion monitoring can assist in optimizing these maintenance and
inspection schedules. In the absence of information from a corrosion
monitoring program, such schedules may be set too conservatively,
with excessive downtime and associated cost penalties. Alternatively,
if inspections are too infrequent, the corrosion risk is excessive, with
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TABLE 6.6 Examples of Industrial Corrosion Monitoring Activities

Industrial sector Corrosion monitoring applications

Oil and gas production Seawater injection systems, crude piping systems, gas
piping systems, produced water systems, offshore
platforms

Refining Distillation columns, overhead systems, heat
exchangers, storage tanks

Power generation Cooling-water heat exchangers, flue gas desulfurization
systems, fossil fuel boilers, steam generator tubes
(nuclear), air heaters, steam turbine systems, vaults,
atmospheric corrosion, gasification systems, mothballing

Petrochemical Gas pipelines, heat exchangers, cooling-water systems,
atmospheric corrosion, storage tanks

Chemical processing Chemical process streams, cooling-water circuits and
heat exchangers, storage tanks, ducting, atmospheric
corrosion

Mining Mine shaft corrosivity, refrigeration plants, water piping,
ore processing plants, slurry pipelines, tanks

Manufacturing Cooling-water systems and heat exchangers, ducting

Aerospace On-board and ground level, storage and mothballing

Shipping Wastewater tanks, shipboard exposure programs

Construction Reinforced concrete structures, pretensioned concrete
structures, steel bridges, hot and cold domestic water
systems

Gas and water distribution Internal and external corrosion of piping systems
(including stray current effects)

Paper and pulp Cooling water, process liquors, clarifiers

Agriculture Crop spraying systems, fencing systems
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associated safety hazards and cost penalties. Furthermore, without
input from corrosion monitoring information, preventive inspection
and maintenance intervals will be of the routine variety, without
accounting for the time dependence of critical corrosion variables. In
the oil and gas industry, for example, the corrosivity at a wellhead can
fluctuate significantly between being benign and being highly corro-
sive over the lifetime of the production system. In oil-refining plants,
the corrosivity can vary with time, depending on the grade (hydrogen
sulfide content) of crude that is processed.

The application of corrosion prevention systems is obviously crucial
in most corrosion control programs. However, without corrosion moni-
toring information, the application of these systems may be excessive
and overly costly. For example, a particular inhibitor dosage level on a
pipeline may successfully combat corrosion damage, but real-time cor-
rosion monitoring may reveal that a lower dosage would actually suf-
fice. Ideally, the inhibitor feed rate would be continuously adjusted
based on real-time corrosion monitoring information. Performance
evaluation of in-service materials by corrosion monitoring is highly
relevant, as laboratory data may not be applicable to actual operating
conditions.

In an idealized corrosion control program, inspection and mainte-
nance would be applied only where and when they are actually need-
ed, as reflected by the “maintenance on demand” (MOD) concept. In
principle, the information obtained from corrosion monitoring sys-
tems can be of great assistance in reaching this goal. Conceptually,
the application of a monitoring system essentially creates a smart
structure, which ideally reveals when and where corrective action is
required.

The importance of corrosion monitoring in industrial plants and in
other engineering systems should be apparent from the above. However,
in practice it can be difficult for a corrosion engineer to get manage-
ment’s commitment to investing funds for such initiatives. Significant
benefits that can be obtained from such investments include

■ Improved safety
■ Reduced downtime
■ Early warning before costly serious damage sets in
■ Reduced maintenance costs
■ Reduced pollution and contamination risks
■ Longer intervals between scheduled maintenance
■ Reduced operating costs
■ Life extension
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6.4.2 Elements of corrosion monitoring
systems

Corrosion monitoring systems vary significantly in complexity, from
simple coupon exposures or hand-held data loggers to fully integrated
plant process surveillance units with remote data access and data
management capabilities. Experience has shown that the potential
cost savings resulting from the implementation of corrosion monitor-
ing programs generally increase with the sophistication level (and
cost) of the monitoring system. However, even with simple monitoring
devices, substantial financial benefits are achievable.

Corrosion sensors (probes) are an essential element of all corrosion
monitoring systems. The nature of the sensors depends on the specific
techniques used for monitoring (refer to Sec. 6.4.4, Corrosion
Monitoring Techniques), but often a corrosion sensor can be viewed as
an instrumented coupon. A single high-pressure access fitting for
insertion of a retrievable corrosion probe (Fig. 6.9) can accommodate
most types of retrievable probes (Fig. 6.10). With specialized tools (and
brave specialist operating crews!), sensor insertion and withdrawal
under pressurized operating conditions can be possible (Fig. 6.11).

The signal emanating from a corrosion sensor usually has to be
processed in some way. Examples of signal processing include filtering,
averaging, and unit conversions. Furthermore, in some corrosion sensing
techniques, the sensor surface has to be perturbed by an input signal to
generate a corrosion signal output. In older systems, electronic sensor
leads were usually employed for these purposes and to relay the sensor
signals to a signal-processing unit. Advances in microelectronics are facil-
itating sensor signal conditioning and processing by microchips, which
can essentially be considered to be integral to the sensor units. The devel-
opment of reinforcing steel and aircraft corrosion sensors on these prin-
ciples has been described.16,17 Wireless data communication with such
sensing units is also a product of the microelectronic revolution.

Irrespective of the sensor details, a data acquisition system is required
for on-line and real-time corrosion monitoring. For several plants, the
data acquisition system is housed in mobile laboratories, which can be
made intrinsically safe. Real-time corrosion measurements are highly
sensitive measurements, with a signal response taking place essentially
instantaneously as the corrosion rate changes. Numerous real-time cor-
rosion monitoring programs in diverse branches of industry have
revealed that the severity of corrosion damage is rarely (if ever) uniform
with time. Rather, serious corrosion damage is usually sustained in time
frames in which operational parameters have deviated “abnormally.”
These undesirable operating windows can be identified only with the
real-time monitoring approach.
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A computer system often performs a combined role as a data acqui-
sition, data processing, and information management system. In data
processing, a process is initiated to transform corrosion monitoring
data (low intrinsic value) into information (higher intrinsic value).
Complementary data from other relevant sources, such as process
parameter logging and inspection reports, can be acquired along with
the data from corrosion sensors, for use as input to the management
information system. In such a system, more extensive database man-
agement and data presentation applications are employed to trans-
form the basic corrosion data into management information for
decision-making purposes (Fig. 6.1).

6.4.3 Essential considerations for
launching a corrosion monitoring program

One of the most important decisions that have to be made is the selec-
tion of the monitoring points or sensor locations. As only a finite number
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Figure 6.9 High-pressure access
fitting for insertion of a retrievable
corrosion probe. (Courtesy of Metal
Samples.)
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LadderFlush disk 3� strip 6� strip

Figure 6.10 A single high-pressure access fitting can be fitted with different types of
retrievable corrosion probes. (Courtesy of Metal Samples.)

Figure 6.11 Retrieval tool for removing corrosion probes
under pressure. (Courtesy of Metal Samples.)
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of points can be considered, it is usually desirable to monitor the worst-
case conditions, the points where corrosion damage is expected to be
most severe. Often, such locations can be identified by reasoning from
basic corrosion principles, analysis of in-service failure records, and con-
sultation with operational personnel. For example, the most corrosive
conditions in water tanks are usually found at the water/air interface. In
order to monitor corrosion under these conditions, corrosion sensors
could be attached to a floating platform so that the location of the sensor
would change as the water level changes.

Dean has presented an example of identifying critical sensor loca-
tions in a distillation column.18 The feed point, overhead product
receiver, and bottom product line represent locations of temperature
extremes and also points where products with different degrees of
volatility concentrate. In many cases, however, the highest corrosivity
is encountered at an intermediate height in the column, where the
most corrosive species concentrate. Initially, therefore, several moni-
toring points would be required in such a column, as shown in Fig.
6.12. As monitoring progresses and data from these points become
available, the number of monitoring points could be narrowed down.

In practice, the choice of monitoring points is also dictated by the
existence of suitable access points, especially in pressurized systems.
It is usually preferable to use existing access points, such as flanges,
for sensor installations. If it is difficult to install a suitable sensor in a
given location, additional bypass lines with customized sensors and
access fittings may be a practical alternative. One advantage of a
bypass is that it provides the opportunity to manipulate local condi-
tions to highly corrosive regimes in a controlled manner, without
affecting the actual operating plant.

It is imperative that the corrosion sensors be representative of the
actual component being monitored. If this requirement is not met, all
subsequent signal processing and data analysis will be negatively
affected and the value of the information will be greatly diminished or
even rendered worthless. For example, if turbulence is induced locally
around a protruding corrosion sensor mounted in a pipeline, the sen-
sor will in all likelihood give a very poor indication of the risk of local-
ized corrosion damage to the pipeline wall. A flush-mounted sensor
should be used instead (Fig. 6.13).

The surface condition of the sensor elements is also very important.
Surface roughness, residual stresses, corrosion products, surface
deposits, preexisting corrosion damage, and temperature can all have
an important influence on corrosion damage and need to be taken into
account in making representative probes. Considering these factors, it
can be desirable to manufacture corrosion sensors from precorroded
material that has experienced actual operational conditions. Corrosion
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sensors may also be heated and cooled, using special devices, so that
their surface conditions reflect certain plant operating domains.
Sensor designs such as spool pieces in pipes and heat-exchanger tubes,
flanged sections of candidate materials, or test paddles bolted to agi-
tators also represent efforts to make the sensors’ environment repre-
sent actual operational conditions.

Numerous corrosion monitoring techniques and associated sensors
are available. All of these techniques have certain advantages and
disadvantages, which are discussed in detail in Sec. 6.4.4. There are
many pitfalls in selecting suitable techniques, and the advice of a cor-
rosion monitoring expert is usually required. An algorithm, described
by Cooper,19 for evaluating the suitability of two commonly utilized
techniques, LPR (one of the electrochemical techniques) and ER (elec-
trical resistance), is shown in Fig. 6.14.
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Figure 6.12 Corrosion monitoring points in a distillation column.
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In general, it can be said that no individual technique alone is suit-
able for monitoring corrosion under complex industrial conditions.
Therefore, a multitechnique approach is advocated. In many cases,
this approach does not require a higher number of sensors, but rather
only an increased number of sensor elements for a given probe and
access fitting. Considering the overall costs of supporting a corrosion
monitoring program such as the one shown in Fig. 6.1, the additional
costs associated with a multitechnique philosophy are usually insignif-
icant. Furthermore, greater confidence can be placed in the sensor
data if several techniques provide the same response.

Another important consideration is that, irrespective of the technique,
instrumented sensors usually provide semiquantitative corrosion dam-
age information at best. It is thus sensible to correlate monitoring data
from these sensors with long-term coupon exposure programs and actu-
al plant damage. Unfortunately, nonspecialists may put too much faith
in the numerical corrosion rate displayed by a commercial corrosion
monitoring device. A suitable example is the LPR technique used in
many commercial monitoring systems to derive a certain corrosion rate,
commonly displayed as mm/year or milli-inches/year (mpy). Such sys-
tems are used extensively in industry for monitoring the effectiveness of
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Figure 6.13 Flush-mounted corro-
sion sensor in an access fitting.
(Courtesy of Metal Samples.)
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water treatment additives and various other applications. From funda-
mental theoretical considerations, the derived LPR corrosion rate is sub-
ject to the following assumptions, which, strictly speaking, rarely apply
under actual operating conditions:

■ There is only one simple anodic reaction.
■ There is only one simple cathodic reaction.
■ The anodic and cathodic Tafel constants are known and invariant

with time.
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Figure 6.14 Algorithm for suitability of ER and LPR corrosion monitoring techniques.
(Adapted from Cooper.19)
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■ The corrosion reactions proceed by a simple charge transfer mecha-
nism under activation control, which essentially implies that the
corroding surface is clean, without corrosion product buildup, scale
deposits, or solids settled out of solution.

■ Corrosion proceeds in a uniform manner (whereas the vast majority
of industrial corrosion problems are related to localized attack).

■ The solution resistance is negligible. (Some instruments make a solu-
tion resistance compensation, but this is not necessarily accurate.)

■ The corrosion potential has reached a steady-state value.

Following the selection of the sensors and monitoring techniques,
the type and location of the ancillary monitoring hardware need to be
considered. Many industrial plants have intrinsic safety requirements
that impose important restrictions on corrosion monitoring systems.
To ensure flexibility in large plants, some organizations have adopted
the strategy of using a “mobile” corrosion monitoring laboratory that
meets their safety regulations. Such a laboratory housing the corro-
sion monitoring instrumentation can be conveniently moved to differ-
ent locations as required, to overcome the problems associated with
excessive lengths of sensor leads. Furthermore, this arrangement pro-
vides a protective environment for measuring and data storage hard-
ware, which could otherwise be damaged in corrosive atmospheres.
Mobile laboratories have also been used for corrosion measurements
on treated-water circuits. In this case, the corrosion sensors can be
“lab-based” along with the instrumentation, through the use of a water
bypass flowing through the mobile laboratory.

6.4.4 Corrosion monitoring techniques

To the uninitiated engineer, the plethora of available corrosion moni-
toring techniques can be overwhelming in the absence of a categoriza-
tion scheme. The first classification can be to separate direct from
indirect techniques. Direct techniques measure parameters that are
directly associated with corrosion processes. Indirect techniques mea-
sure parameters that are only indirectly related to corrosion damage.
For example, measurements of potentials and current flow directly
associated with corrosion reactions in the linear polarization resis-
tance technique represent a direct corrosion rate measurement. The
measurement of the corrosion potential only is an indirect method, as
there is at best an indirect relationship between this potential and the
severity of corrosion damage.

A second categorization scheme is into intrusive and nonintrusive
forms. Intrusive techniques require direct access to the corrosive envi-
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ronment through a structure (pipe wall, aircraft skin, etc.). Sensors and
test specimens typify this approach. Nonintrusive methods require no
additional hardware to perform a corrosion measurement. A further
distinction is possible between on-line and off-line techniques. On-line
techniques are those with continuous monitoring capabilities during
operation, whereas off-line methods require periodic sampling and sep-
arate analysis. The basic principles for selecting important corrosion
monitoring techniques are described below, and the advantages and
limitations of these techniques are listed in Table 6.7.

Direct techniques

Corrosion coupons (intrusive). In what is perhaps the simplest form of cor-
rosion monitoring, small specimens are exposed to an environment for
a specific period of time and subsequently removed for weight loss
measurement and more detailed examination. Even though the prin-
ciple is very simple, there are numerous potential pitfalls, which can
be avoided by following the recommendations of a comprehensive
ASTM guide (ASTM G4 standard).

Electrical resistance (intrusive). The underlying principle of the widely
used electrical resistance (ER) probes is the simple concept that there
is an increase in electrical resistance as the cross-sectional area of a
sensing element is reduced by corrosion damage. Since temperature
has a strong influence on electrical resistance, ER sensors usually
measure the resistance of a corroding sensor element relative to that
of an identical shielded element. Commercial sensor elements are in
the form of plates, tubes, or wires (Fig. 6.15). Reducing the thickness
of the sensor elements can increase the sensitivity of these sensors.
However, improved sensitivity involves a tradeoff with reduced sensor
lifetime. ER probe manufacturers provide guidelines showing this
tradeoff for different sensor geometries (Fig. 6.16). The useful life of
ER probes other than wire sensors is usually up to the point where
their original thickness has been halved. For ER wire sensors the life-
time is lower, corresponding to loss of a quarter of the original thick-
ness. It is obvious that erroneous results will be obtained if conductive
corrosion products or surface deposits form on the sensing element.
Iron sulfide formed in sour oil/gas systems or in microbial corrosion
and carbonaceous deposits in atmospheric corrosion are relevant
examples.

Inductive resistance probes (intrusive). This recently developed technology is
a derivative of ER corrosion sensing.20 The reduction in the thickness of
a sensing element is measured by changes in the inductive resistance

417
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TABLE 6.7 Advantages and Disadvantages of Corrosion Monitoring Techniques

Advantages Disadvantages 

Corrosion Coupons

Long exposure periods may be required to obtain meaningful and
measurable weight loss data. Coupons have to be removed from plant
or equipment for analysis and corrosion rate determination. (Note:
Sample removal and cleaning affects the corrosion rate if the coupons
are subsequently reexposed.) These devices provide cumulative
retrospective information only. For example, if a stress corrosion crack
is found in a coupon after a 12-month exposure period, it is not
possible to say when the crack initiated and what specific conditions
led to the initiation or propagation of this crack. Importantly, the crack
growth rate also cannot be established with confidence, as the time of
its initiation is unknown. The cleaning, weighing, and microscopic
examination of coupons is usually labor-intensive.

ER probes are more convenient than coupons in the sense that results
can be obtained without retrieval and weight loss measurements. A
combined thickness loss due to corrosion and erosion can be measured.
ER probes are essentially suitable for monitoring only uniform
corrosion damage, whereas localized corrosion is usually of more
concern to industry. Generally, the sensitivity of ER probes is
insufficient to qualify for real-time corrosion measurements, with
transients of short duration going undetected. The probes are
unsuitable in the presence of conductive corrosion products or deposits.

The technique has been introduced only recently. In its present
commercial form, it would appear to be largely applicable to uniform
corrosion measurements only.

Coupon exposures are simple and usually of low cost. Many forms of
corrosion can be monitored if detailed analysis is performed subsequent
to the exposure, but erosion and heat-transfer effects are not easily
simulated with coupons.

ER results are easily interpreted, and the technology is well supported 
by several commercial suppliers. Continuous corrosion monitoring and
correlation with operational parameters are possible, provided
sufficiently sensitive sensor elements are selected. ER probes are more
convenient than coupons in the sense that results can be obtained
without retrieval and weight loss measurements. A combined thickness
loss due to corrosion and erosion can be measured.

The measurement principle of detecting a thickness change in the
sensor element is relatively simple, and sensitivity is improved over that
of ER probes. The sensor signals are affected by temperature changes to
a lesser degree than electrical resistivity signals are.

Electrical Resistance (ER)

Inductive Resistance
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a lesser degree than electr cal res st v ty s gnals are.

The technique is based on uniform corrosion principles only. An
environment with relatively high ionic conductivity is required for
accurate measurements. Unstable corrosion potentials will produce
erroneous results. Even though the applied sensor perturbation is
small, repeated application over long times can lead to “artificial”
surface damage. In long-term exposures, surface colors visibly different
from those on freely corroding sensor elements have been noted on LPR
sensors. Idealized theoretical polarization conditions are assumed,
which is not necessarily the case in practice (see Sec. 7.3). The short-
circuiting of electrodes by conductive species will preclude valid
measurements.

The instrumentation and interpretation required to obtain full results
are typically complex. Consequently, full-frequency spectrum analysis
is very rarely applied in the field. Limited-frequency units, which are
comparable to LPR devices, have been developed specifically for field
use. The corrosion potential has to be very stable to permit meaningful
measurements at low frequencies. The technique is essentially limited
to uniform corrosion damage only, although it may be possible to detect
pitting damage in certain systems. The applied potential perturbation
may influence the condition of the corroding sensor element, especially
in repeated application over long time periods.

At present, the reliability and application of this technique remain
essentially unproven. The instrumentation and theoretical basis of the
technique are complex and require specialized electrochemical
knowledge.

Interpretation of the measurements is straightforward. Continuous 
on-line monitoring is possible, as the measurements take only take a few
minutes. The high sensitivity of this technique facilitates real-time
monitoring in appropriate environments.

This technique is more suited to low-conductivity environments than DC
polarization and can also provide information on the state of organic
coatings. Recently, EIS-based systems for practical coating integrity
assessment have been introduced. Detailed characterization of the
corroding surface is theoretically possible.

Theoretically, a rapid determination of all important kinetic parameters
may be possible.

Electrochemical Impedance Spectroscopy (EIS)

Linear Polarization Resistance (LPR)
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420 TABLE 6.7 Advantages and Disadvantages of Corrosion Monitoring Techniques (Continued)

Advantages Disadvantages 

Electrochemical Noise (EN)

The technique is highly sensitive and performs well under conditions of
limited conductivity, such as thin-film corrosion. It is one of the very few
techniques with the ability to detect localized corrosion damage, such as
pitting damage to otherwise passive surfaces and certain submodes of
stress corrosion cracking.

These measurements represent a simple method of monitoring galvanic
corrosion and the effect of treatments to prevent it.

Kinetic information and an overall picture of the material’s corrosion
behavior can be obtained relatively quickly (compared to, say, coupon
exposures).

Zero Resistance Ammetry (ZRA)

Potentiodynamic Polarization

Although the number of applications has grown considerably, the
technique remains somewhat controversial. The data analysis
requirements are complex, and substantial experience is required for
interpreting “raw” noise records.

The measured currents may not represent actual galvanic corrosion
rates, as this form of corrosion is highly dependent on the anode:cathode
area ratio. An increase in current readings is not always directly
associated with an actual increase in corrosion rates.

These techniques are usually limited to laboratory studies, as specialized
skills are required to interpret the data. The applied polarization levels
may change the sensor surface irreversibly, especially if pitting damage
is induced in the anodic cycle. These measurements are generally
applicable only to fully immersed probes in conducting solutions.
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The instrumentation used to irradiate the surfaces can accommodate
only small components. The technological infrastructure required to
perform the surface activation is substantial and is not readily
accessible in all countries. From fundamental principles, the
measurements are meaningful only if the radioactive isotopes are
removed from the surface undergoing corrosion damage. If they remain
in the corrosion products building up on surfaces, the thickness
reduction will not be detected. The sensitivity of the technique is
generally relatively low. The technique is not yet widely utilized.

The technique does not distinguish between internal and external
flaws. The interpretation of the voltage signals for localized corrosion
damage is not straightforward. The resolution for studying corrosion
damage over small specific areas is limited. In general, the technique is
not regarded as highly sensitive.

This technique is limited to defects that are actively growing at the
time of measurement. Defects that are present but not growing will not
be detected. The technique does not provide a quantitative measure of
defect size and requires a high level of specialized skill for application
and for interpretation of results.

While the technique may indicate changes in corrosion behavior over
time, it does not provide any indication of corrosion rates.

The measurement principle of the technique is relatively simple, and the
direct measurement on actual components is a desirable feature.
Selected small areas can be irradiated, to monitor the degradation of a
particular weld zone, for example. The technique can be applied to study
erosion effects.

Corrosion damage is monitored over large sections of actual structures.
Once the instruments are installed, corrosion monitoring can be
performed over many years with minimal maintenance. 

In principle, this technique is applicable to a wide range of materials,
even nonconducting ones. It can be applied to vessels without the need
for draining them. Monitoring can be performed over relatively large
areas of structures, rather than the specific measuring points of other
techniques.

The measurement technique and required instrumentation are
relatively simple.

Electrical Field Signature Method (EFSM)

Thin-Layer Activation (TLA)

Acoustic Emission (AE)

Corrosion Potential
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TABLE 6.7 Advantages and Disadvantages of Corrosion Monitoring Techniques (Continued)

Advantages Disadvantages 

Hydrogen Probes

The measurements are restricted to a limited area. The technique may
not reflect the corrosion rate, as it detects only the fraction of hydrogen
passing into the metallic substrate. The ratio of hydrogen taken up by
the substrate to that taken up by the environment may vary with time.
The technique is obviously restricted to systems where hydrogen is
produced in the cathodic reaction. Generic guidelines relating the
measured hydrogen flux and actual damage (thickness loss, cracking,
blistering) have not been established.

No direct information on corrosion rates is obtained; correlation with
actual damage or directly measured corrosion data is required.
Measuring the chemistry of the bulk environment does not provide
information on microenvironments established on corroding surfaces,
with the latter often governing the actual rate of damage. Some of
these techniques require laboratory measurements, and the results
may thus not be immediately available. Fouling of on-line sensor
surfaces and interference effects from other chemical species can lead
to inaccurate results.

The technique represents a useful monitoring tool when the
measurements are correlated with actual observed damage under
specific operational conditions. The attachment of the probes on external
surfaces is convenient, as the probe locations can be easily changed (in
principle).

In specific, well-characterized systems, it may be possible to perform
corrosion monitoring cost-effectively with such techniques. The
techniques provide useful supplementary information to direct corrosion
measurement techniques, for identifying causes of corrosion damage and
solutions to corrosion problems.

Chemical Analyses
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Figure 6.15 Types of ER corrosion sensors. (Courtesy of Metal Samples.)
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of a coil embedded in the sensor. Sensing elements with high magnetic
permeability intensify the magnetic field around the coil; therefore,
thickness changes affect the inductive resistance of the coil. Sensitivity
(decrease in response time) has been claimed to be several orders of
magnitude higher than with comparable ER probes.

Linear polarization resistance (intrusive). The linear polarization resistance
(LPR) technique is an electrochemical method that uses either three or
two sensor electrodes. In this technique, a small potential perturba-
tion (typically of the order of 20 mV) is applied to the sensor electrode
of interest, and the resulting direct current is measured. The ratio of
the potential to current perturbations, known as the polarization
resistance, is inversely proportional to the uniform corrosion rate. The
accuracy of the technique can be improved by measuring the solution
resistance independently and subtracting it from the apparent polar-
ization resistance value. The technique is well known (its theoretical
basis had already been developed in the 1950s), and it is widely used
under full immersion aqueous conditions.

Electrochemical impedance spectroscopy (intrusive). This electrochemical tech-
nique is related to LPR in the sense that it also relies on the polariza-
tion of sensor elements for obtaining corrosion information. In electrical
impedance spectroscopy (EIS), the sensor perturbation and phase-shifted
response are of the ac type. The application of an alternating potential
will produce an alternating-current response which is out of phase with
the potential. The frequency range of the applied perturbation signal is
typically 0.1 Hz to 100 kHz. To characterize the corrosion behavior in
detail, measurements throughout the entire frequency range are
required. Some simplified commercial systems rely on measurements at
two frequencies only, to extract kinetic information. Full-frequency
scans provide phase shift information that can be utilized in equivalent-
circuit models. With such models, relatively complex corrosion phenom-
ena can be described and kinetic information derived. Commonly used
equivalent circuits for modeling corrosion processes are presented in
Chap. 7, Acceleration and Amplification of Corrosion Damage.

Harmonic analysis (intrusive). This technique is related to EIS in that an
alternating potential perturbation is applied to one sensor element in
a three-element probe, with a resultant current response. Not only the
primary frequency but higher-order harmonic oscillations are ana-
lyzed in this technique. Theory has been formulated whereby all kinet-
ic parameters (including the Tafel slopes) can be calculated explicitly.
No other technique offers this facility. At present, the technique
remains largely unproven and rooted in the laboratory domain.
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Electrochemical noise (intrusive). Contrary to common perceptions, the
underlying measurement principles of this electrochemical technique
are extremely simple. The technique is not related to acoustic noise in
any way; rather, fluctuations in potential and current between freely
corroding electrodes are measured. Because of the small scale of these
fluctuations of interest (in many cases �1 �V and �1 nA), sensitive
instrumentation is required. Many high-precision digital multimeters
facilitate these measurements. A measurement frequency of 1 Hz usu-
ally suffices. For simultaneous measurement of electrochemical poten-
tial and current noise, a three-electrode sensor is required. The current
noise is measured between two of these sensor elements. The potential
noise is measured between the third element and the two coupled (for
current measurements) elements. For industrial corrosion monitoring
purposes, all three sensor elements are usually constructed from the
same material.

Higher levels of electrochemical corrosion activity are generally
associated with higher noise levels. Certain electrochemical phenome-
na, such as the breakdown of passivity during pit initiation, have dis-
tinct noise “signatures” which can be exploited for corrosion
monitoring purposes. Pit initiation and growth can be detected with
electrochemical noise measurements long before it becomes evident by
visual examination.

While the measurement of electrochemical noise is straightforward,
the data analysis can be complex. Such analysis is usually directed at
distinguishing among different forms of corrosion, quantifying the
noise signals, and processing the vast number of accumulated data
points into a summarized format. Data processing approaches have
included frequency spectral analysis [fast Fourier transforms (FFT)
and the maximum entropy method (MEM)] and chaotic dynamics.

The number of industrial applications of electrochemical noise mon-
itoring has grown significantly in recent years, yet skepticism about
the universal usefulness of this technique is still encountered. It has
been shown to be well suited to monitoring under thin moisture film
conditions, such as those encountered in flue gas condensation and
atmospheric corrosion. Present concerns and controversy are mainly
related to the validity of corrosion rates derived from noise records.

Zero-resistance ammetry (intrusive). In zero-resistance ammetry (ZRA),
galvanic currents are usually measured between dissimilar materials.
The dissimilarities between the sensor elements may be related to dif-
ferent compositions, heat treatments, stress levels, or surface condi-
tions. The technique may also be applied to nominally identical
electrodes, to indicate changes in the corrosive environment and serve
as a broad indicator of changes in corrosion rate.
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Potentiodynamic polarization (intrusive). This method is best known for its
fundamental role in electrochemistry in the measurement of Evans
diagrams. A three-electrode corrosion probe is used to polarize the
electrode of interest. The current response is measured as the poten-
tial is shifted away from the free corrosion potential. The basic differ-
ence from the LPR technique is that the applied potentials for
polarization are normally stepped up to levels of several hundred mil-
livolts. These polarization levels facilitate the determination of kinetic
parameters, such as the general corrosion rate and the Tafel con-
stants. The formation of passive films and the onset of pitting corro-
sion can also be identified at characteristic potentials, which can assist
in assessing the overall corrosion risk.

Thin-layer activation and gamma radiography (intrusive or nonintrusive). In this
technique, developed from the field of nuclear science, a small section
of material is exposed to a high-energy beam of charged particles, pro-
ducing a radioactive surface layer. For example, a proton beam may be
used to produce the radioactive isotope 56Co within a steel surface.
This isotope decays to 56Fe, with the emission of gamma radiation. The
concentration of radioactive species is sufficiently low that the metal-
lurgical properties of the monitored component are essentially
unchanged. The radioactive effects utilized are at very low levels and
should not be compared to those of conventional radiography. The
change in gamma radiation emitted from the surface layer is mea-
sured with a separate detector to study the rate of material removed
from the surface. The radioactive surfaces can be produced directly on
components (nonintrusive) or on separate sensors (intrusive).

Electrical field signature method (nonintrusive). The original development of
this technique was largely directed at oil and gas production. The tech-
nique measures corrosion damage over several meters of an actual
structure, clearly distinguishing it from other smaller sensor systems.
An induced current is fed into the monitored section of interest, and
the resulting voltage distribution is measured to detect corrosion dam-
age. An array of pins is attached strategically over the structure for
measuring purposes. Increased pin spacing implies lower resolution
for localized corrosion. Typical applications involve attaching pins to
the external surface of a pipeline to monitor corrosion damage to the
inside of the pipe walls.

Acoustic emission (nonintrusive). This technique involves measuring
acoustic sound waves that are emitted during the growth of micro-
scopic defects, such as stress corrosion cracks. The sensors can thus
essentially be viewed as microphones which are strategically posi-
tioned on structures. The sound waves are generated from mechanical
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stresses during pressure or temperature changes. Background noise
effects have to be taken into consideration and can be particularly
troublesome in on-line measurements.

Indirect techniques. A plethora of indirect corrosion monitoring tech-
niques for different modes and submodes of corrosion damage is avail-
able. A multidisciplinary science and engineering team approach is
often required for implementation. For example, the indirect monitor-
ing of microbiologically induced corrosion in water systems typically
requires expertise and laboratory infrastructure from the fields of cor-
rosion engineering, microbiology, and chemistry.

Corrosion potential (intrusive). Measurement of the corrosion potential is
a relatively simple concept, and the underlying principle is widely
used in industry for monitoring the corrosion of reinforcing steel in
concrete and structures such as buried pipelines under cathodic pro-
tection. Monitoring of anodic protection systems is a further applica-
tion area. Changes in corrosion potential can also give an indication
of active/passive behavior in stainless steel. Furthermore, when
viewed in the context of Pourbaix diagrams, the corrosion potential
can give a fundamental indication of the thermodynamic corrosion
risk. The corrosion potential is measured relative to a reference elec-
trode, which is characterized by a stable half-cell potential. The elec-
trochemical details of important reference electrodes are presented
in Sec. D-2, Chemical Thermodynamics. Corrosion-potential mea-
surements are usually classified as an intrusive indirect method.
Either a reference electrode (and possibly a separate sensor of the
material to be monitored) has to be introduced into the corrosive
medium for these measurements, or an electrical connection to a
structure in conjunction with an external reference electrode has to
be established.

Hydrogen monitoring (nonintrusive). The generation of atomic hydrogen as
part of the cathodic half-cell reaction in acidic environments can be
used for both intrusive or nonintrusive forms of corrosion monitoring.
In the latter, hydrogen monitoring sensors are often attached to the
outside walls of vessels and piping. It is the diffusion of atomic hydro-
gen into the metallic substrate that is of most concern, as this can lead
to problems such as hydrogen-induced cracking. This “uptake” of
hydrogen occurs when the recombination of hydrogen atoms and their
subsequent release into the environment as molecular hydrogen are
impeded. Hydrogen monitoring is highly applicable to the oil refining
and petrochemical industries, where there are hydrocarbon process
streams. The presence of hydrogen sulfide in these industries pro-
motes the uptake of hydrogen into plant items.

Corrosion Maintenance through Inspection and Monitoring 427

0765162_Ch06_Roberge  9/1/99 5:01  Page 427



Hydrogen monitoring probes can be based on any of the following
three principles:

■ Pressure increase with time in a controlled chamber, as hydrogen
passes through the material into the probe chamber

■ An electrochemical current resulting from the oxidation of hydrogen
under an applied potential

■ Current flow in an external circuit, based on a fuel cell principle where-
by hydrogen entering the miniature fuel cell causes the current flow

Chemical analyses. Different types of chemical analyses can provide
valuable information in corrosion monitoring programs. Measurements
of pH, conductivity, dissolved oxygen, metallic and other ion concentra-
tions, water alkalinity, concentration of suspended solids, inhibitor con-
centrations, and scaling indices all fall within this domain. Several of
these measurements can be made on-line using appropriate sensors.

6.4.5 From corrosion monitoring to
corrosion management

Several factors have been identified that are essential if corrosion moni-
toring programs are to make a useful contribution toward the manage-
ment of corrosion control, that is, to have a real impact on safety and
profitability. If these conditions do not exist, data collected with corrosion
monitoring systems will not be used for more informed decision making
and are likely to gather dust in a filing cabinet. Britton and Tofield iden-
tified several technical and personnel requirements for success; addi-
tional factors are pertinent in the age of information technology:21

■ “Correct” location of monitoring points
■ Selection of suitable techniques
■ A commitment to meaningful corrosion measurements with the

highest possible “accuracy”
■ Reliability and safety of monitoring hardware
■ Establishment of a confidence factor through experience and corre-

lation with other data/information, such as NDE, failure analysis,
and plant operational parameters

■ Appreciation of the qualitative nature of most monitoring data
■ Designing for corrosion monitoring
■ Data analysis, interpretation, and presentation in a clear, unequivo-

cal format (computing systems and database software can be highly
effective for these tasks)
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■ The transformation of data into management information
■ Availability of specialist corrosion personnel and provision of support-

ing infrastructure (laboratories, computing systems, test rigs, etc.)
■ The patience to learn by experience
■ Adequate budgets to support monitoring programs and a positive

management attitude

Milliams and Van Gelder have presented a model for corrosion man-
agement, illustrating information flow and the multidisciplinary
nature of this process.22 Their basic model, shown in Fig. 6.17, serves
as a useful basis for discussing corrosion monitoring in corrosion man-
agement. Corrosion control and management starts at the design
stage. In this phase, it is important that consideration be given to feed-
back from existing corrosion monitoring programs and to design
requirements for future corrosion monitoring activities. The feedback
of information from previous monitoring campaigns to designers is
obviously important for design improvements and essentially closes
the loop of technical information flow.

Design engineers should be considered to be among the most impor-
tant users of corrosion information, as numerous corrosion problems
can be traced to design inadequacies. Design engineers also have to
take future corrosion monitoring requirements into consideration.
Monitoring points and access fittings should be defined and incorpo-
rated into the design. Corrosion management manuals prepared dur-
ing the design phase should document anticipated forms of corrosion
and means of controlling them (including corrosion monitoring pro-
grams) in a formal manner.

Corrosion monitoring obviously assumes an important role in the oper-
ations phase. The performance of any operational engineering system
has to be characterized and evaluated in order to manage the system so
that it functions at an optimal level. Corrosion monitoring can, for exam-
ple, be used in operations to optimize the dosage of corrosion inhibitors
and other additives. Importantly, in an industrial plant, it can be
employed as a form of process control, to ensure that operating condi-
tions or practices do not lead to excessive corrosion damage. Arguably,
corrosion monitoring applications have historically been generally lack-
ing in this respect. Two fundamental requirements have to be met to
achieve this form of process control:

■ A link between the measured corrosion data and operational param-
eters

■ The transformation of corrosion, operational, and production data into
integrated management information for effective decision making
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The first requirement can be met with real-time corrosion monitoring
systems, provided that the monitoring techniques selected are suffi-
ciently sensitive to respond rapidly to changes in the process conditions.
Corrosion monitoring techniques (such as coupons) that yield only ret-
rospective, cumulative corrosion damage data are not suitable for this
purpose.

Modern industrial facilities usually are equipped with systems that
form the foundation for the second requirement. Historical inspection
data, failure analysis reports, analytical chemistry records, databases
of operational parameters, and maintenance management systems are
usually in place. The main task, therefore, is one of combining and
integrating corrosion data into these existing (computerized) systems.
In many organizations, much of the technical infrastructure required
for achieving “corrosion process control” is already in place. Only the
addition of certain corrosion-specific elements to existing systems may
be needed.
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Figure 6.17 Information flow in corrosion management. (Adapted from Milliams and
Van Gelder.22)
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As discussed earlier, corrosion monitoring plays a pivotal part in
moving away from corrective corrosion maintenance practices to
more effective preventive and predictive strategies. As confidence in
monitoring data is established over time, through experience and
correlation with other data/information such as that found through
nondestructive evaluation and failure analysis, these data can assist
in defining suitable maintenance schedules. If the rate of corrosion
can be estimated from corrosion monitoring data (precise measure-
ments are rarely achieved in practice) and the existing degree of cor-
rosion damage is known from inspection, an estimate of corrosion
damage as a function of time is available for maintenance schedul-
ing purposes. Furthermore, sensitive corrosion monitoring tech-
niques can provide early warning of imminent serious corrosion
damage so that maintenance action can be taken before costly dam-
age or failure occurs.

In practice, corrosion monitoring is generally considered to be a
supplement to conventional inspection techniques, not a replacement.
Once a serious corrosion problem has been identified through inspec-
tion, a corrosion monitoring program is usually launched to investi-
gate the problem in greater depth. Corrosion monitoring and
inspection are thus usually utilized in tandem. In the case of the
smart structures monitoring concept, corrosion monitoring can essen-
tially be considered to be a real-time (“live”) inspection technique. The
combination of corrosion monitoring and inspection data/information
is a major organizational asset with the following uses:22

■ Verifying design assumptions and confirming the design approach
■ Identifying possible threats to an installation’s integrity
■ Planning operation, maintenance, and inspection requirements in

the longer term
■ Confirming and modifying standards and guides for future designs

Modern computerized database tools can be used to great advantage
in the above tasks. The cause of many corrosion failures can be traced
to underutilization of inspection and corrosion monitoring data and
information.

From the above model, it is apparent that any leader of a corrosion
monitoring program has to be comfortable with functioning in a multi-
disciplinary environment. Furthermore, corrosion monitoring informa-
tion should be communicated to a wide range of functions, including
design, operations, inspection, and maintenance. To facilitate effective
communication and involvement of management in corrosion issues, cor-
rosion monitoring data have to be processed into information suitable for
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management and nonspecialist “consumption.” Enormous advances in
computing technology can be exploited to meet the above requirements.

Corrosion monitoring examples
Monitoring reinforcing steel corrosion in concrete. In view of the large-scale
environmental degradation of the concrete infrastructure in North
America and many other regions, the ability to assess the severity of
corrosion in existing structures for maintenance and inspection
scheduling and the use of corrosion data to predict the remaining ser-
vice life are becoming increasingly important. Several electrochemi-
cal techniques have been used for these purposes, with either
embedded probes or the actual structural reinforcing steel (rebar)
serving as sensing elements. A few indirect methods of assessing the
risk of corrosion are also available.

In the civil engineering and construction industry, corrosion mea-
surements are usually “one-off” periodic inspections. While such mea-
surements can be misleading, it is at times difficult to make a
persuasive argument for continuous measurements, in view of the
fact that rebar corrosion is often manifested only after decades of ser-
vice life. As a result of advances in corrosion monitoring technology
and selected on-line monitoring studies that have demonstrated the
highly time-dependent nature of rebar corrosion damage, continuous
measurements may gradually find increasing application.
Furthermore, the concept of smart reinforced concrete structures is
gaining momentum through the utilization of a variety of diagnostic
sensing systems. The integration of corrosion monitoring technology
into such systems to provide early warning of costly corrosion damage
and information on where the damage is taking place appears to be a
logical evolution.

Rebar potential measurements. The simplest electrochemical rebar
corrosion monitoring technique is measurement of the corrosion poten-
tial. A measurement procedure and data interpretation procedure are
described in the ASTM C876 standard. The basis of this technique is
that the corrosion potential of the rebar will shift in the negative direc-
tion if the surface changes from the passive to the actively corroding
state. A simplified interpretation of the potential readings is present-
ed in Table 6.8.

Apart from its simplicity, a major advantage of this technique is that
large areas of concrete can be mapped with the use of mechanized
devices. This approach is typically followed on civil engineering struc-
tures such as bridge decks, for which potential “contour” maps are pro-
duced to highlight problem areas. The potential measurements are
usually performed with the reference electrode at the concrete surface
and an electrical connection to the rebar.
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In a more recent derivative of this technique, a reference electrode has
been embedded as a permanent fixture, in the form of a thin “wire.”23

With this technique, the corrosion potential can be monitored over the
entire length of a rebar section, rather than relying on point measure-
ments above the surface. However, this method will not reveal the loca-
tion of corroding areas along the length of the rebar. A proposed hybrid
of this technique is the measurement of potential gradients between two
surface reference electrodes, eliminating the need for direct electrical
contact with the rebar.

The results obtained with this technique are only qualitative, with-
out any information on actual rebar corrosion rates. Highly negative
rebar corrosion values are not always indicative of high corrosion
rates, as the unavailability of oxygen may stifle the cathodic reaction.

LPR technique. This technique is widely used to monitor rebar cor-
rosion. It has been used with embedded sensors, which may be posi-
tioned at different depths from the surface to monitor the ingress of
corrosive species. Caution needs to be exercised in the sensor design in
view of the relatively low conductivity of the concrete medium.
Furthermore, the current response to the applied perturbation does
not stabilize quickly in concrete, typically necessitating a polarization
time of several minutes for these readings.

Efforts have also been directed at applying the LPR technique
directly to structural rebars, with the reference electrode and coun-
terelectrode positioned above the rebar on the surface. It was real-
ized that the applied potential perturbation and the resulting
current response may not be confined to a well-defined rebar area.
The development of guard ring devices, which attempt to confine the
LPR signals to a certain measurement area, resulted from this fun-
damental shortcoming. The guard ring device shown schematically
in Fig. 6.18 can be conveniently placed directly over the rebar of
interest and requires only one lead attachment to the rebar, as 
for the simple potential measurements. The guard ring is maintained
at the same potential as the counterelectrode to minimize the current
from the counterelectrode flowing beyond the confinement of the
guard ring. An evaluation of several LPR-based rebar corrosion mea-
suring systems has been published.24
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TABLE 6.8 Significance of Rebar Corrosion Potential Values (ASTM C876)

Potential (volts vs. CSE) Significance

��0.20 Greater than 90% probability that no 
corrosion is occurring

	�0.20 and 
�0.35 Uncertainty over corrosion activity
��0.35 Greater than 90% probability that corrosion 

is occurring
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Corrosion rates (expressed as thickness loss/time) can be derived
from guard ring devices following the polarization cycle, but there are
many simplifying assumptions in these derivations, and so they
should be treated as semiquantitative at best. Important limitations
include the following:

■ Corrosion damage is assumed to be uniform over the measurement
area, whereas chloride-induced rebar corrosion is localized.

■ IR drop errors are problematic in rebar corrosion measurements,
and “compensation” for them by commercial instruments is not nec-
essarily accurate.
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■ Even if the guard ring confines the measurement signals perfectly,
the exact rebar area of the measurement is not known. (How far
does the polarization applied from above the rebar actually spread
around the circumference of the rebar?)

■ The influence of cracks and concrete spalling on these measurements
remains unclear at present

■ There are fundamental theoretical considerations in the LPR tech-
nique (described earlier).

Galvanostatic pulse technique. This technique also uses an electro-
chemical perturbation applied from the surface of the concrete to the
rebar. A current pulse is imposed on the rebar, and the resultant rebar
potential change �E is recorded by means of a reference electrode.
Typical current pulse duration �t and amplitude have been reported to
be 3 s and 0.1 mA, respectively.25

The slope �E/�t, measured during the current pulse, has been used
to provide information on rebar corrosion. High slopes have been
linked to passive rebar, whereas localized corrosion damage was asso-
ciated with a very low slope. This behavior can be rationalized on the
basis of potentiodynamic polarization curves for systems displaying
pitting corrosion.

Electrochemical impedance spectroscopy. Like those made by dc
polarization techniques, EIS measurements can be applied to sepa-
rate, small, embedded corrosion probes or directly to structural rebars.
Efforts to accomplish the latter have involved guard ring devices and
the modeling of signal transmission along the length of the rebar.
Using a so-called transmission-line model, it has been shown that the
penetration depth of the perturbation signal along the length of the
rebar is dependent on the perturbation frequency.26

A number of different equivalent-circuit models have been proposed
for the steel-in-concrete system; one relatively complex example is
shown in Fig. 6.19.27 By accounting for the concrete “solution” resis-
tance and the use of more sophisticated models, a more accurate corro-
sion rate value than that provided by the more simplistic LPR analysis
should theoretically be obtained. The main drawbacks of EIS rebar
measurements over a wide frequency range are their lengthy nature
and the requirement for specialized electrochemistry knowledge.

Zero-resistance ammetry. The macrocell current measured between
embedded rebar probes has been used for monitoring the severity of cor-
rosion. This principle has been widely used, as part of the ASTM G102-92
laboratory corrosion test procedure, with current flow between probes
located at different depths of cover. For the monitoring of actual struc-
tures, a similar approach has been adopted.28 Here, current flow has been
measured between carbon steel probe elements strategically positioned at
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different levels within the concrete and an inert material such as stain-
less steel. Current flows between the carbon steel and stainless steel sens-
ing elements are insignificant when the former alloy remains in the
passive condition. Initiation of corrosion attack on the carbon steel is
detected by a sudden increase in the measured current. Positioning the
carbon steel elements at different depths from the concrete surface
reveals the progressive ingress of corrosive species such as chlorides and
provides a methodology for providing early warning of damage to the
actual structural rebar, located at a certain depth of cover.

The current flowing between identical probe elements can also be
used for corrosion monitoring purposes, even if the elements are locat-
ed at similar depths. It can be argued that such measurements are
mainly relevant to detecting the breakdown of passivity and the early
stages of corrosion damage, before extensive corrosion damage is man-
ifested on both of the probe elements.

Electrochemical noise measurements. There may be skepticism
about the application of electrochemical noise measurements to indus-
trial rebar corrosion monitoring. Concerns about the perceived “over-
sensitivity” of the technique and fears of external signal interference
have been raised. While such concerns may be justified in certain cas-
es, electrochemical noise measurements have been performed with
probes embedded in large concrete prisms (up to 4 m long). These
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prisms were exposed in the Vancouver harbor and in clarifier tanks of
the paper and pulp industry.29 Initial results from this long-term mon-
itoring program suggested that the noise signals did provide a sensi-
ble indication of rebar corrosion activity, and no major signal
interference problems were encountered. In a more fundamental
analysis of the application of electrochemical noise to rebar corrosion,
Bertocci30 concluded that this technique had considerable limitations
and that further studies were required before the method could be
used with confidence. Much work remains to be done in the signal
analysis field, to automate data analysis procedures.

Monitoring aircraft corrosion. In the present economic climate, both com-
mercial and military aircraft operators are faced with the problem of
aging fleets. Some aircraft in the U.S. Air Force (USAF) currently have
projected life spans of up to 60 to 80 years, compared with design lives
of only 20 to 30 years. It is no secret that corrosion problems and the
associated maintenance costs are highest in these aging aircraft.
Aircraft corrosion falls into the atmospheric corrosion category, details
of which are provided in Sec. 2.1, Atmospheric Corrosion.

While corrosion inspection and nondestructive testing of aircraft are
obviously widely practiced, corrosion monitoring activity is only begin-
ning to emerge, led by efforts in the military aircraft domain. In recent
years, prototype corrosion monitoring systems have been installed on
operational aircraft in the United States, Canada, Australia, the
United Kingdom, and South Africa. Several systems are in the labora-
tory and ground-level research and testing phases, particularly those
involving the emerging corrosion monitoring techniques described ear-
lier. The “bigger picture” role of corrosion monitoring in a research pro-
gram on corrosion control for military aircraft is illustrated in Fig.
6.20. The interest in aircraft corrosion monitoring activities is related
to three potential application areas:

■ Reducing unnecessary inspections
■ Optimizing certain preventive maintenance schedules
■ Evaluating materials performance under actual operating conditions

The first application area arises from the fact that many corrosion-
prone areas of aircraft are difficult to access and costly to inspect.
Typically, these areas are inspected on fixed schedules, regardless of
whether corrosion has taken place or not on a particular aircraft.
Unnecessary physical inspections could be eliminated and substantial
cost savings could be realized if the severity of corrosion damage in
inaccessible areas could be determined by corrosion sensors. Several
prototype on-board corrosion monitoring systems have already been
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installed, to demonstrate the ability of corrosion sensors to detect dif-
ferent levels of corrosive attack in different parts of an aircraft.

One such corrosion surveillance system was installed on an unpres-
surized transport aircraft. Electrochemical probes in the form of closely
spaced probe elements were manufactured from an uncoated aluminum
alloy (Fig. 6.21). All but one of the probes were located inside the air-
craft, in the areas that were most prone to corrosion attack and difficult
to access. Another probe was located outside the aircraft, in its wheel
bay.31 In flights from inland to marine atmospheres, a distinct increase
in corrosiveness was recorded by potential noise surveillance signals
during the landing phase in the marine environment (Fig. 6.22).
However, the strongest localized corrosion signals were recorded at
ground level in a humid environment (Fig. 6.23).

A different system based on ER sensors was installed on a CP-140
maritime patrol aircraft, as illustrated in Fig. 6.24. In this case, high
corrosion rates were measured in the wheel bay, relative to corrosion
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Figure 6.21 Electrochemical probe in the form of closely spaced elements manufac-
tured from an uncoated aluminum alloy.
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Figure 6.22 Temperature, pressure, and electrochemical signals as a function of time
during a flight to a marine environment in South Africa.
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rates in other locations. More recent developments in this field
include the use of thin-film electrochemical corrosion sensors (includ-
ing wireless communication with these sensors) and the development
of customized electrochemical sensors for monitoring corrosion in lap
joints. Some new corrosion monitoring techniques for measuring air-
craft corrosion in a more distributed manner are under development.
Practical criticism has been directed at electrochemical sensors
because they are restricted to measuring corrosion over a small sur-
face area only.

One of the primary forms of preventive maintenance in maritime
military aircraft is washing. The corrosiveness of the environment in
which an aircraft operates usually is not a factor in the washing sched-
ule. The unsatisfactory nature of this approach with respect to control-
ling corrosion damage has been highlighted. Corrosion monitoring
systems installed at ground level and on board flying aircraft have
demonstrated that the environmental corrosivity changes significantly
over time and also varies for different parts of an aircraft. Arguably,
therefore, selected inspection and maintenance schedules could be opti-
mized based on the severity of the environmental corrosivity to which
a particular aircraft has been exposed, as measured by corrosion mon-
itoring systems.

On-board corrosion monitoring systems can facilitate the testing
and evaluation of aircraft materials and corrosion control methods
under actual operating conditions. Sensitive techniques make such
evaluations possible in short time frames.
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Monitoring corrosion under thin-film condensate conditions. Highly corrosive
thin-film electrolytes can be formed in several industrial processes.
These conditions arise when gas streams are cooled to below the dew
point. The resulting thin electrolyte layer (moisture) often contains
highly concentrated corrosive species. Probe design and establishment
of suitable measuring techniques for corrosion monitoring under such
conditions are relatively difficult. One technique, electrochemical
noise, has shown considerable promise; it is extremely sensitive and
can be used in environments of low conductivity. Since the surface cov-
erage of thin-film electrolytes is discontinuous at times, the latter
aspect is important.

A corrosion probe used for electrochemical noise measurements in a
gas scrubbing tower of a metal production plant is illustrated in Figs.
6.25 and 6.26. A retractable probe was selected so that the sensor sur-
face could be mounted flush with the internal scrubber wall surface.
The close spacing of the carbon steel sensor elements, designed specif-
ically for (discontinuous) thin surface electrolyte films, should be not-
ed. This corrosion sensor was connected to a computer-controlled
miniaturized multichannel corrosion monitoring system by shielded
multistrand cabling. As the ducting of the gas scrubbing tower was
heavily insulated, no special measures were taken to cool the corrosion
sensor surfaces. Cooling of probes in such applications is usually nec-
essary if the corrosion sensor surfaces are to attain the same temper-
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Figure 6.24 On-board ER corrosion sensors installed on a CP-140 maritime patrol
aircraft.
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ature as the internal duct surfaces. In general, the sensor surfaces of
an electrochemical corrosion probe positioned in an access fitting will
reach higher steady-state temperatures than the actual ducting sur-
face—hence the requirement for cooling.

Potential noise and current records recorded at a conical section at
the base of the gas scrubbing tower are presented in Fig. 6.27. At this
location, condensate tended to accumulate, and highly corrosive condi-
tions were noted from the operational history of the plant. The high
levels of potential noise and current noise in Fig. 6.27 are entirely con-
sistent with the operational experience. It should be noted that the
current noise is actually off-scale, in excess of 10 mA, for most of the
monitoring period. The high corrosivity indicated by the electrochemi-
cal noise data from this sensor location was confirmed by direct evi-
dence of severe pitting attack on the sensor elements, revealed by
scanning electron microscopy (Fig. 6.28). In contrast, at a position
higher up in the tower, where the sensor surfaces remained dry, the
electrochemical noise remained at completely negligible levels (refer to
Fig. 6.27).

Corrosion monitoring studies of this nature have proved useful for
identifying process conditions that lead to the formation of highly cor-
rosive thin-film electrolytes, revealing the most corrosive areas, and
evaluating materials designed to resist such attack in the most cost-
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effective manner. Such monitoring programs have been performed in
gas ducting, gas stacks, and also gas piping.

Monitoring corrosion in heat-exchanger tubes of cooling-water circuits. Tube-
and-shell heat exchangers are widely used in the cooling-water cir-
cuits of diverse branches of industry. Corrosion damage is usually a
major concern in such units, and water treatment is commonly used
as a means of corrosion control. Despite water treatment additives,
however, corrosion failures continue to occur, and numerous corro-
sion failure modes have been documented. Localized corrosion dam-
age can include pitting, crevice corrosion, and stress corrosion
cracking. Such localized failures are typically related to fouling or
scaling of the tube surfaces, chloride ions in the water, or microbial
activity. Uniform corrosion damage may be sustained during acid
descaling operations, if these are not closely controlled. Corrosion
monitoring of heat-exchanger tube surfaces is technically extremely
challenging for the following reasons:
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Figure 6.28 Scanning electron microscope image of a sensor element surface after expo-
sure at the base of the scrubbing tower. Microscopic corrosion pits are clearly evident.
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■ A multitude of corrosion modes can lead to damage.
■ Monitoring localized corrosion damage, a common problem, is dif-

ficult.
■ Corrosion damage occurs under heat-transfer conditions.
■ Access to the tightly packed tubes is extremely limited.

In order to overcome the access problems of fitting corrosion sensors
into the heat exchanger, a bypass strategy can be followed. Water flow-
ing through the actual heat exchanger is deviated to a side stream,
which then flows through a model heat exchanger. The model heat
exchanger can be instrumented with corrosion sensors relatively easi-
ly. If electrochemical corrosion sensors are used, these can be made
representative of an actual heat-exchanger tube by using electrically
isolated spool pieces as sensing electrodes.

In order to simulate actual operating conditions, the corrosion sen-
sors in the model heat exchanger need to be subjected to heat flux and
scale formation. The use of unheated sensor surfaces would not reflect
the operational scaling characteristics accurately, and hence the cor-
rosion damage on the sensors would not be representative of that on
the operating unit. Heating elements, temperature sensors, and heat-
transfer calculations can be used to mimic the heat flux of the actual
heat-exchanger tubes in the model heat exchanger. The use of multi-
ple corrosion monitoring techniques applied to multiple corrosion
sensing elements in a model heat exchanger can address the issue of
detecting various forms of corrosion damage.

A corrosion monitoring system based on the above principles has been
described.32 It uses a single heat-exchanger tube in the bypass model
heat-exchanger loop, with multiple electrochemical corrosion sensing
techniques applied to segmented corrosion sensing elements. The prin-
ciple of this monitoring system is illustrated in Fig. 6.29. Flow controls
and varying degrees of heat flux conveniently facilitate the simulation
of varying operational conditions, an important capability for “what-if”
analysis. A more detailed schematic of this model heat exchanger is giv-
en in Fig. 6.30, showing five segmented corrosion sensing elements,
each with an individual heater block for heat flux simulations. With
these five sensing elements, it was possible to measure both localized
and general corrosion damage. The corrosion monitoring techniques uti-
lized in this particular device were electrochemical noise (potential and
current), zero-resistance ammetry, and linear polarization resistance.

Monitoring preferential weld corrosion with ZRA. Any weldment is a complex
metallurgical structure. The weld metal is essentially a miniature
casting, with a composition and microstructure that may differ sub-
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stantially from those of the parent plate. On a microstructural scale,
the weld metal itself is not homogeneous. Typically the weld center-
line has a higher impurity content, and the microstructure changes
at different stages in the weld solidification cycle. The microstruc-
ture of the heat-affected zone (HAZ) also tends to vary from that of
the parent plate, as it is subjected to the weld thermal cycles, which
change with distance from the fusion line. Consequently, the
microstructure of the HAZ is also not uniform (refer to intergranular
corrosion in Sec. 5.2.1). It should thus be apparent that the different
zones of a weldment can be susceptible to galvanic corrosion as a
result of their compositional and microstructural differences.

Differential weld corrosion has been found to be particularly prob-
lematic in oil and gas flow lines. Even minor differences in composition
and microstructure have been found to result in severe preferential
galvanic dissolution of pipeline weldments. The selection of welding
consumables and welding procedures to minimize this risk is critical.
However, even with these precautions, operating conditions can induce
severe preferential weld corrosion. On-line corrosion monitoring pro-
grams have been conducted in oil and gas pipelines to identify these
operating conditions and to optimize the application of corrosion
inhibitors to control the problem.

The ZRA technique lends itself ideally to these monitoring purposes,
as outlined by Walsh.33 Suitable corrosion sensors can be manufactured
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from representative pipeline weldments, as shown schematically in Fig.
6.31. It should be noted that the internal weld surfaces are used as the
exposed sensor elements for monitoring purposes. Essentially, selected
strips from the different weld zones are sectioned from the weld and
incorporated in a “standard” probe body designed for high-temperature
and high-pressure service. A larger number of sensor elements than are
depicted in Fig. 6.31 can be incorporated into a single sensor, to investi-
gate different weld compositions and structures. The so-called 2-inch
access fittings widely used in the oil and gas industry can be used to
mount the sensor surfaces flush with the internal pipeline wall.

ZRA readings can be accomplished with relatively simple instru-
mentation, and with a sufficiently high sampling frequency, a real-
time weld corrosion profile can be obtained for correlation with the
operating parameters and process control. Provided that all the sensor
elements are connected to the monitoring instrumentation in a consis-
tent manner, the sign and magnitude of the ZRA responses monitored
between the elements indicate the severity of galvanic attack and
which part(s) of the weldment are dissolving preferentially.

Examples of contrasting highly undesirable and favorable ZRA mon-
itoring profiles are presented schematically in Fig. 6.32. In case A, the
ZRA sensor response indicates that the HAZ is subject to intense pref-
erential anodic dissolution. Both the weld metal and the parent plate
are more noble (cathodic) than the HAZ. The narrow HAZ surrounded
by the weld metal and the large parent plate produces an extremely
unfavorable galvanic area effect. These conditions lead to weld failure
by extremely rapid preferential penetration of the weldment along the
HAZ. Actual HAZ corrosion rates could well exceed the values mea-
sured with the sensor, as the most severe area effect cannot be repro-
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duced in the probe. Case B shows a desirable ZRA profile. Essentially,
all three weld zones are galvanically compatible, with very low gal-
vanic current levels. The weld metal is only marginally more noble
than the HAZ and the parent plate. In practice, addition of inhibitors
can be used to achieve this type of situation.

6.5 Smart Sensing of Corrosion with 
Fiber Optics

6.5.1 Introduction

The techniques described so far have all progressed to industrial appli-
cations. A number of less well-known techniques are currently emerg-
ing from research and development efforts. There can be little doubt
that several of these will find increasing commercial application. Some

448 Chapter Six

Welded pipe

Parent material

Heat-affected zone
Weld metal

Corrosion Sensor

Sectioning for corrosion sensor
from inner pipe wall face

ZRA measurements
between the sensor
elements

Figure 6.31 Manufacture of preferential weld corrosion sensor (schematic).

0765162_Ch06_Roberge  9/1/99 5:01  Page 448



promising emerging techniques based on fiber optics are described
here. The development of fiber optic technologies for communication
applications has sparked interest in creating new sensors by modifying
a section of the fiber itself. The range of physical and chemical param-
eters that can be detected so far is remarkable. Physical and mechani-
cal parameters that can be measured include temperature, strain, pres-
sure, displacement, vibration, magnetic fields, and electric fields.

Chemical parameters that can be measured include pH; some organ-
ic compounds; moisture; chloride ions; dissolved gases such as oxygen
and carbon monoxide; gases such as oxygen, steam, and ammonia; and
compounds that fluoresce as a result of specific interactions, such as
enzyme-substrate and antibody-antigen complexes. Some of these
parameters have been recognized in the last few years as being poten-
tially useful for monitoring either the effects of corrosion on a struc-
ture or some of the factors that induce corrosion. Emerging
applications for monitoring the corrosion of structures include

■ Detection of moisture and increasing pH in aircraft lap joints
■ Measurement of the shift in the light spectrum reflected off rebar as

a result of corrosion
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■ Detection of chloride ions near rebar
■ Detection of rebar strain in a bridge due to corrosion

Generic advantages of fiber optic sensing systems include their pas-
sive nature, immunity to electromagnetic interference, light weight,
small size (an analogy to a human hair may be cited), large bandwidth,
mechanical ruggedness, high sensitivity, and ease of multiplexing. A
fiber optic sensing system consists of a light source, a detector, a sens-
ing element, and the optical fiber for transmitting the light from the
source to the detector. An important concept is the use of the fiber optic
sensor itself as a corrosion sensing element, the so-called intrinsic sen-
sor. Corrosion sensing elements in fiber optic sensing systems have
been based on the following principles:

■ A change in the reflectivity of light from highly polished surfaces,
induced by formation of corrosion products

■ The detection of chemical species and pH changes associated with
corrosion processes

■ Changes in strain as the thickness of the corroding material is
reduced

Another important corrosion monitoring concept in which fiber
optics can play an important role is that of smart coatings. The basic
idea is for a coating to reveal where it has been damaged and corrosion
attack has been initiated. This form of corrosion sensing has the major
advantage that it can be applied over extensive surface areas; the
sensing is not restricted to a local measuring point. Fundamental prin-
ciples that have been proposed for smart coatings include

■ The incorporation into coatings of chemicals that induce a color
change when corrosion or coating damage occurs34

■ A fluorescent response to corrosion damage or coating discontinuities35

There is a trend toward utilizing the versatility of fiber optic sensors
to monitor atmospheric corrosivity and the effects of corrosion on a
structure. Emerging techniques for monitoring air corrosivity include

■ An optically thin metal that reflects less light as it corrodes
■ A thin metal wire that can be configured to function as a corrosion

fuse
■ A metal coating that undergoes strain relaxation as it corrodes
■ Gas sensors that measure the concentration of species that promote

corrosion
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6.5.2 Optical fiber basics

Optical fibers typically consist of four layers, as shown in Fig. 6.33: (1) an
inner core, (2) cladding, (3) a protective buffer, and (4) a jacket. Light is
launched into the end of an optical fiber by a light source and is guided
down the inner core. Most inner cores are made of silica glass, but some
are made of sapphire, fluoride glasses, or neodymium-doped silica. Glass
fibers have very low light-loss characteristics and therefore are capable
of transmitting a light signal hundreds of miles. The cladding is usually
made of a silica glass that has an index of refraction lower than that of
the core, so that light is refracted back into the inner core. Protective
buffers are usually made of plastic. The function of the plastic buffer lay-
er and jacket is to provide mechanical protection and thus allow optical
fibers to be flexible and robust, and also to provide a moisture seal. A typ-
ical diameter for a jacket is 125 �m, and that for an inner core is 10 �m.

An environmental parameter can be measured by its influence on
one or more of the following characteristics of light through a sensor:
(1) intensity, (2) phase, (3) wavelength, or (4) polarization. Changes in
the refractive index of the cladding by an environmental parameter
can affect both the intensity and the phase of the light. Any fluores-
cence in the cladding caused by a specific chemical interaction with the
environment causes wavelength changes in the light that is refracted
back into the inner core. In a common sensor design, an environmen-
tal parameter affects the intensity and phase of the light that is
reflected back from the sensor toward the light source.

The signal from a fiber optic sensor is analog, not digital as in fiber
optic communications, and therefore needs a reference signal. A typical
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method of providing a reference for sensors that modify intensity is to
use two wavelengths of light, with the sensing element having a larger
effect on the light at one wavelength than at the other. Unwanted envi-
ronmental effects can be eliminated by taking a ratio of the intensity of
the two wavelengths from the sensor.

System requirements for a fiber optic sensor involve light source
and signal detection components as well as the optical fiber.
Distributed sensors provide continuous spatial resolution of the para-
meter along the length of the fiber. A quasi-distributed sensor is an
optical fiber with a series of sensors at discrete locations along its
length, therefore providing discrete spatial resolution. The small
diameter of optical fibers limits the amount of light power that can be
launched into and detected leaving the fiber. This usually means that
fiber optic sensors have relatively low signal-to-noise ratios, which
limits the methods of light detection and multiplexing that are feasi-
ble in a cost-effective manner.

6.5.3 Emerging corrosion monitoring
applications

Atmospheric corrosivity monitoring
Micro-mirror. A method of measuring the corrosivity of an atmosphere
that was developed at Sandia National Laboratories involves measur-
ing the reflectivity of an optically thin metal mirror. A thin layer of
metal (i.e., from 10 to 30 nm) is applied to the end of a fiber by ther-
mal or vacuum evaporation to form a micro-mirror. A schematic of a
micro-mirror system is shown in Fig. 6.34. Light passes through the
optical fiber to the metal at the end of the fiber and is partially reflect-
ed. The main signal output is either the ratio of the intensity of the
reflected light to that of the incident light or the ratio of the reflectiv-
ity to the initial reflectivity with a clean micro-mirror. Species from the
atmosphere that chemisorb and/or react with the metal reduce the
reflectivity.

Butler and Ricco reported that the reflectivity of silver micro-mirrors
decreased as species such as H2S, CO, O2, SO2, and H2 chemisorbed
onto the external surface of the metal.36 The change in reflectivity
caused by chemisorption ranged from 0.7 to 0.1 percent. However, the
change in reflectivity caused by the reaction of H2S and Ag to form Ag2S
and H2 was an order of magnitude larger. These results indicate that
corrosive influences that change the composition of a metal can be mea-
sured in this manner.

Ammonium sulfate particles have been implicated in the corrosion
of microelectronics in humid air. Smyrl and Butler placed a copper
micro-mirror on the end of a fiber into an aerated solution of ammo-
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nium sulfate.37 The thickness of the copper was related to the reflec-
tivity, and therefore the reaction and dissolution of the copper film
were measured by the degree of reflection. Corrosion occurred only in
the presence of dissolved oxygen. The copper micro-mirror, which
was initially 30.5 nm, was dissolved by the aerated ammonium sul-
fate solution in less than 1 h.

Hydrogen is often a by-product of corrosion. A sensor was formed
with a micro-mirror of palladium that was responsive to hydrogen con-
centration in air up to approximately 5 percent. The interaction of
hydrogen and palladium reversibly forms a hydride, PdHx, which has
a lower reflectivity than pure palladium. Smyrl and Butler illustrated
that this sensor is responsive to hydrogen that is dissolved in water.37

Thus, monitoring dissolved hydrogen in small areas such as crevices is
a potential application for fiber optic micro-mirrors.

Corrosion fuse. Bennett and McLaughlin described a method for moni-
toring the corrosion of a metal called a “corrosion fuse.”38 A schematic
of a prototype is shown in Fig. 6.35. Attenuation of light through an
optical fiber becomes significant when the fiber is bent into a loop
smaller than about 3 mm. A thin metal rod maintains the fiber in a
microbend with slight tension from a spring. When the metal rod cor-
rodes to the point that it breaks, the fiber straightens because of the
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spring, and the intensity of the light downstream of the fuse increases.
Obviously the composition and thickness of the metal fuse may be read-
ily designed. Decreasing the thickness of the metal fuse increases the
sensitivity to corrosion. Bennett and McLaughlin demonstrated that
three fuses in series could be monitored, in a quasi-distributed fashion,
on the same fiber. The corrosivity of an atmosphere is expected to be
inversely related to the time required for a given fuse to break.

The design was tested by placing three units on a single fiber above
a salt solution within an enclosed chamber. When very little corrosion
was observed after 30 days at 30°C, the bath temperature was raised
to 44°C. The sensors broke after another 34, 41, and 44 days, and
these events were readily monitored by the light signal.

Strain relaxation. A fiber optic technique for measuring corrosivity by the
degree of strain relaxation of a plastically deformed metal coating has
been developed. The degree of residual strain in the sensor jacket
depends on (1) the coating material, (2) the coating thickness, and 
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(3) the load history of the sensor. As the metal coating of the sensor
corrodes, the wall weakens, which causes shrinkage as a result of a
relaxation of the residual strain.39

The arrangement of light source, photodetector, and coupler is the
same as in Fig. 6.34. The sensor, which back-reflects light, was an
external Fabry-Perot interferometer. Light is reflected back to a pho-
todetector from two semireflective mirrors that are separated to form
a cavity within the inner core of an optical fiber. The degree of phase
difference between the reflected waves is a linear function of the cav-
ity length. A metal cylinder was fixed to the outside of the inner core
by an adhesive. Changes in the length of the metal cylinder cause
changes in the cavity length, which produce a linear change in the
phase difference of the reflected light waves.

The sensor was tested in an accelerated corrosion experiment by
immersion in nitric acid. Most of the strain relaxation occurred with-
in 40 s, and the balance within 200 s. The strain relaxation due to cor-
rosion matched the measured residual strain within an average of 4.5
percent. A disadvantage of this technique is that the response to uni-
form corrosion conditions is nonlinear. The explanation is that the
residual strains are not uniformly distributed, in a cross-sectional
sense, across the metal shell. This technique is currently being devel-
oped to monitor atmospheric corrosivity on aircraft.

Gas sensors. Systems for measuring process gases with fiber optic sen-
sors have been commercially available for about 10 years from
Altoptronic AB of Sweden. Detectors that measure the concentrations of
the following gases are currently available: NH3, O2, H2O, HCl, HCN, HF,
H2S, CH4, and C2H4.40 Some of these gases obviously promote corrosion.

The system configuration is a modification of the reflected-light
arrangement shown in Fig. 6.34. The light source is a semiconductor
laser diode that operates in the 1.3–1.9-�m or the 0.7–0.9-�m region,
depending on what gas species the system is configured for. Light from
the laser diode is split into two beams—a measurement path and a ref-
erence path. The measurement path continues to the measurement
probe, which provides a path length of about 1 m through the gas being
sensed. The distance between the light source and the sensor may be
up to several kilometers. Almost 100 percent of the measurement
light is reflected back by a reflector to the control unit, where its spec-
trum is compared to the light from the reference path. The signal com-
pensates in real time for transmission degradation in the sensor head
and losses caused by dust and chemical salt deposits on the optics in
the measurement path.

Monitoring of structures. There is a trend toward making such things
as aircraft and concrete structures smarter by embedding or attaching
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sensors in order to aid in monitoring the structures’ health. The corro-
sion of rebar in bridges is a serious problem, especially in climates
where salt is used to deice the road surface.

Lap joints in aircraft. A method for monitoring the presence of moisture
and the pH level in aircraft lap joints was described by Mendoza.41 A
lap joint consists of overlapping metal sheets, such as the skin of an
aircraft, held together by rows of rivets. Common locations for cracks
to form are on the metal sheets close to the rivets. A sealant is applied
between the sheets to prevent moisture intrusion. The small diameter
of optical fibers makes it possible to place them within the sealant lay-
er along a row of rivets. Each sensor for this project was designed to
provide continuous spatial resolution of the response over a 20-m sec-
tion of optical fiber. Incorporation of the sensor into the lap joint under
pressure caused a slight increase in light absorption.

The moisture sensor was made by replacing the cladding with a poly-
mer/solvatochromatic dye compound that absorbed light in the presence
of moisture. The degree of attenuation increased with wetness over most
of the band between 0.4 and 1.4 �m. At an input power of 2 mW, the dry
and wet output power at two wavelengths is shown in Table 6.9.

The difference in the response at the two wavelengths suggested that
the main output should be the ratio of the output powers at two wave-
lengths. The response to moisture was found to be completely reversible.

A prototype pH sensor was constructed by incorporating a pH indi-
cator in a polymer to form the fiber cladding. The pH indicator
responded to moisture and increasing pH by increased fluorescence.
The sensor was tested in two solutions—a pH 7 buffer and a pH 10
buffer. The light output from the sensor increased as the sensor envi-
ronment changed from dry to pH 7 to pH 10. Virtually no response at
0.77 �m and a peak response at 0.539 �m to the same environmental
change suggested a dual-wavelength design similar to that of the
moisture sensor.

Figure 6.36 is a schematic of a detection system for the moisture sen-
sor that permits continuous spatial resolution based on time-division
multiplexing. The photodetectors, PDx, also function as wavelength fil-
ters. PD1 and PD1′ produce electrical signals that are proportional to
the light intensity at 0.67 �m before and after the fiber sensor. The ratio
of these outputs is calculated by R1 in order to nullify the effects of any
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TABLE 6.9 Dry and Wet Output Power at Two Wavelengths

Wavelength, �m Optical power (dry), �W Optical power (wet)

0.67 0.22 0.7
1.30 43.7 0.8
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source fluctuations. Similarly, the reference wavelength at 1.30 �m is
detected before and after the fiber sensor by PD2 and PD2′, and the
ratio of these responses is the output of R2. The ratio of the output from
R1 and R2 is calculated by R3 and is the main output response.

Rebar appearance. A fiber optic sensor was designed to monitor the cor-
rosion of rebar based on the change in color of the surface of rebar as
a result of corrosion. A “twin-fiber” approach and a “windowed”
approach have been reported so far. Both approaches are currently
being tested in bridges in Vermont.42

In the twin-fiber design, the transmit fiber illuminates with broad-
band light a section of rebar, which modifies the spectrum through
absorption and reflects light into the receive fiber. The gap between
the fiber and the surface to be monitored is less than 10 mm. The sig-
nal travels back down the receive fiber, and the spectrum is measured.
A spectrum shift indicates that corrosion is present. There is a clear
difference in the spectrum between 0.5 and 0.8 �m of uncorroded rebar
and corroded rebar.

The windowed approach has the potential to provide spatial resolu-
tion of the response at discrete points along the fiber. The spectrum of
light that reflects from the rear surface may be detected by measuring
the backscattered light at the end of the fiber near the light source. A
low signal-to-noise ratio for this design limits the number of discrete
sensors along one fiber to about nine.

Chloride detection. Fiber optic sensors that measure chloride ion concen-
tration have been developed.43 Potential applications include monitoring
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chloride penetration into steel-reinforced concrete structures and moni-
toring the leakage of contaminated water from a landfill. Several con-
figurations were tested by Cosentino et al.:43 (1) absorption mode with
silver nitrate, (2) reflection mode with silver chromate, and (3) trans-
mission mode with silver chromate. In the presence of chloride ions, a
silver nitrate solution changes from a clear solution to a white silver
chloride suspension, and silver chromate changes from red-brown to
white silver chloride.

In sensor 1, there was a 1-mm gap between the ends of two fibers
that were bathed in a solution of silver nitrate. A semipermeable mem-
brane permitted chloride ions to exchange with nitrate ions. The
change from clear solution to whitish suspension increased the scat-
tering of light in the gap and therefore increased light absorption. One
drawback was that silver chloride eventually settles as a precipitate,
which reverses the response.

In sensor 2, silver chromate was applied to the end of a fiber with a
thin layer of glue and the entire end was surrounded with a porous
plastic casing. The amount of light reflected back from the end of the
fiber was the primary signal. The increase in reflected light caused by
the conversion of silver chromate to silver chloride was modest.

With sensor 3, silver chromate was deposited within a hollow porous
disk and the optical fiber was passed through its center. As chloride
ions seeped into the porous disk, some silver chromate was converted
to silver chloride, which increased the amount of light that reflected
back into the fiber. Thus the light output from the sensor increased in
the presence of chloride ions. The range of detection for this sensor was
rather large—from 100 mg/L to greater than 3000 mg/L. There was,
however, a nonlinear response to different chloride concentrations as
well as a significant time effect.

A disadvantage of all three designs was that the detection of chloride
is irreversible—the silver chloride does not revert back to either silver
nitrate or silver chromate when the concentration of chloride ions
decreases. It has been suggested that a reversible chloride sensor may
be based on the absorption peak at 0.360 �m for salt water.

Fuhr and Huston adapted from analytical chemistry a method for
measuring chloride concentration known as Fajan’s method.44 A chlo-
ride sample is added to a solution of AgNO3 and a dye until the solution
turns from milky white to pink. The adaptation of this method to a fiber
optic sensor involved measuring the change in the transmission spec-
trum of a sample of AgNO3 and dye. Light from the input fiber entered
one end of a tubing tee and was directed toward the entrance of the out-
put fiber at the opposite end of the tee. A porous membrane over the
other opening of the tee permitted the exchange of chloride and nitrate
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ions. Two wavelengths were selected, 0.60 �m and 0.725 �m. The for-
mer wavelength indicated the degree of milkiness, and the latter indi-
cated the degree of pinkness. These sensors are currently under test
within three bridges in Vermont.

Embedded strain. Another method for monitoring the deterioration of a
bridge as a result of corrosion is to monitor the internal strain of sup-
port girders. One of the difficulties with this approach is that the
degree to which a tendon stretches during initial stressing (over 8000
�ε) causes sensors to be under a high degree of tensile strain during
most of their operation. This problem was largely solved by embedding
the fiber optic sensors in concrete when the tendons were under tensile
stress. This, however, complicated the construction of the girders. Of
the 18 Bragg grating sensors that were embedded, 3 did not survive.

A Bragg sensor consists of a section of fiber from 1 to 20 mm in length
in which the inner core is modified to form a grating of pitch �, as
shown in Fig. 6.37. The Bragg wavelength B is reflected back toward
the light source and is directly proportional to the grating pitch:

B � 2mnc�

where nc is the index of refraction, � is the grating pitch, and m is an
integer from 1 to infinity that determines the order of response (e.g.,
m � 1 for the first-order response). Changes in the grating pitch
caused by stretching or compressing of the sensor change the Bragg
wavelength linearly.
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The method of monitoring the Bragg wavelength is shown in Fig.
6.38.45 The reflected light from the Bragg grating is split into two
beams. One beam is filtered in proportion to its wavelength, while the
other beam is used as a reference to compensate for intensity fluctua-
tions. The ratio of the proportionally filtered and reference signals is a
linear function of the Bragg wavelength. Therefore, there is a linear
proportionality between the grating pitch � and the electrical signal
from R1.

6.5.4 Summary

Each of the fiber optic sensors reviewed either already has found or
may in the future find a niche application for monitoring corrosion.
Advantages of the micro-mirror sensor are its sensitivity, small size,
and geometrical flexibility and the possibility of using different metals
as the semireflective mirror. For instance, if one were concerned with
the corrosivity of an atmosphere toward aluminum, then the micro-
mirror could be constructed of aluminum. Although the corrosion fuse
seems to be relatively easy to construct, it provides a limited amount
of data, e.g., it takes 44 days for a rod of given thickness and composi-
tion to corrode through. The strain relaxation sensor has the advan-
tage of small size, but it has a nonlinear response to a corrosive
medium, which complicates interpretation of the data. A limitation of
the gas sensors is that they require a path length of about 1 m. The
moisture sensor in aircraft lap joints seems to be without technical dif-
ficulties. One limitation of the pH sensor in lap joints is that corrosion
usually causes the pH to decrease near the corroding metal, whereas
the pH sensor, as configured, has an increasing response with increas-
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ing pH. One difficulty with both the rebar appearance and embedded
strain sensors is the process of incorporating them into the concrete
structure. A limitation of all the chloride sensors tested so far is that
there is an irreversible response to the presence of chloride.

The advantages of fiber optic sensors have to be weighed against the
disadvantages and compared with other techniques for a given corro-
sion monitoring application. The cost per sensor depends mostly on the
extent of multiplexing that is possible. A technical cost of increasing
the number of sensors per multiplexer, however, is an eventual
decrease in the signal-to-noise ratio per sensor. Table 6.10 presents a
summary of the published applications of fiber optic sensors in moni-
toring corrosion. Also included is an assessment of the degree of com-
mercialization of each technique. Four methods are nearly ready, two
are available currently, and two require more design and testing work.

6.6 Nondestructive Evaluation (NDE)

6.6.1 Introduction

Recent advances in nondestructive evaluation (NDE) technologies
have led to improved methods for quality control and in-service inspec-
tion, and the development of new options for material diagnostics.
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TABLE 6.10 Summary of Published Applications of Monitoring Corrosion with
Fiber Optic Sensors

Method Potential application Degree of commercialization

Micro-mirror Atmospheric monitoring Available for licensing

Corrosion fuse Atmospheric monitoring Needs custom design for 
specific applications

Strain relaxation Atmospheric monitoring Currently being tested as an
on-board corrosion monitoring
system on an aircraft

Gas sensors Atmospheric monitoring Sensors specific for several
gases currently available

Moisture and pH Aircraft lap joints In final design and testing
stage

Rebar appearance Rebar Under test within three
bridges in Vermont

Chloride detection Rebar/landfill monitoring At laboratory stage
Rebar Under test within bridges in

Vermont

Embedded Bragg Rebar/composite bridge tendon Under test in a bridge in 
strain sensors Calgary—systems are

currently available
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Detailed defect sizing and characterization has become the major
objective of much NDE work under way today. To address this chal-
lenge, the NDE community has turned to a combination of multiple-
mode inspections and computer-aided data analyses. Success in this
activity has generated quantitative NDE capabilities that can be used
both as improved quality assurance tools and as new options for mate-
rial diagnostics.

NDE is the discipline used to assess the integrity of a system or com-
ponent without compromising its performance. NDE uses sensors to
acquire information about these objects and perform modeling and
analysis to convert the information into materials and defect parame-
ters for performance and in-service life prediction. Figure 6.39 illus-
trates the specific knowledge domains involved in NDE. The
inspection of in-service systems can also be complicated by the fact
that these systems often operate at relatively high temperature in a
closed mode.

■ Traditional inspection techniques can be used on high-temperature
process equipment only when the equipment is out of service.

■ Inspection is generally limited to suspected problem areas as a
result of time, accessibility, and cost factors.

When several inspection techniques can be used, the choice of a spe-
cific schedule will depend on the accuracy and cost of the inspection,
balancing the money spent on safety measures with the business
return of the system being maintained (Fig. 6.40). The accuracy of a
given technique must also be sufficient to detect defects considerably
smaller than those which could result in failure because these defects
can grow in size between inspections. A cheaper and less accurate tech-
nique used frequently could be equivalent costwise to a more expen-
sive accurate technique used less frequently (Fig. 6.41).46 However,
regardless of which technique has been chosen, the critical decision
remains the frequency of application. This decision depends on three
factors:

■ The extent of damage that might remain invisible to the technique
■ The rate of damage occurrence with time
■ The extent of damage that the structure can tolerate

6.6.2 Principles and practices

NDE technology denotes application of a diverse array of nondestruc-
tive processes to monitor, probe, and measure material response. The
measured response is related to a desired material property or test
object attribute by interpretation. The main NDE methods are
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■ Visual inspection
■ Liquid penetrant inspection
■ Magnetic particle inspection
■ Radiographic inspection (x-ray and gamma ray)
■ Electromagnetic inspection
■ Ultrasonic inspection
■ Thermographic inspection

Although each method is dependent on different basic principles in
both application and output, repeatable and reproducible NDE results
depend on specific understanding and control of the

■ Material composition (magnetic or nonmagnetic, metallic or non-
metallic, etc.)

■ Part thickness, size, and geometry
■ Material condition (heat treatment, grain size, etc.)
■ Inspection scanning rate
■ Fabrication method (casting, forging, weldment, adhesive or brazing

bonded, etc.)
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■ Surface condition (rough, plated, bright, scaled, etc.)
■ Nature or use of the part (critical or noncritical, high or low stress,

etc.)
■ Human factors

No NDE process or procedure produces absolute discrimination of
anomalies, but the end output of a procedure may be quantified and
the anomaly or flaw detection capability may be measured, analyzed,
quantified, and documented.

The diverse nature of different NDE processes results in different
sources of variance and possible impact on detection output capabili-
ties. For example, a manually applied liquid penetrant process is dom-
inated by the skill of the operator in process application and
interpretation. An automated eddy current process is dominated by
calibration, instrument, and procedure variances. It is important to
recognize the source of variance in each NDE process and to take the
nature of the variance and process control (Table 6.11) into account in
applying margins to the NDE processes.47 NDE methods and proce-
dures are selected using a variety of practical implementation criteria,
such as the relative ratings presented in Table 6.12. The lowest-cost
method that produces the required result is usually the method of
choice. Table 6.13 presents a general overview of the procedural steps
required for the main NDE techniques considered here.

Visual inspection. Visual inspection is the oldest and most common
form of NDE used in inspecting for corrosion. The physical principle
behind visual inspection is that visible light is reflected from a surface,
revealing some of its features. By observing the appearance of the
part, an inspector can infer its condition. Surface corrosion, exfolia-
tion, pitting, and intergranular corrosion can be detected visually
when proper access to the inspection area is obtained. Obviously, visual
inspection can detect only surface anomalies. However, some internal
corrosion processes do produce surface indications, such as pillowing
or flaking.

Visual inspection is a quick and economical method of detecting var-
ious 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 can. Visual inspection can be done in many ways,
either directly or remotely, by using borescopes, fiberscopes, or video
cameras. Visual methods can provide a simple and speedy way to

Corrosion Maintenance through Inspection and Monitoring 465

0765162_Ch06_Roberge  9/1/99 5:02  Page 465



TABLE 6.11 Dominant Sources of Variance in NDE Procedure Application

Materials Equipment Procedure Calibration Criteria Human factors

Liquid penetrant X X X

Magnetic particle X X X X

Radiography X X X X

Manual eddy current X X X X X

Automatic eddy current X X X X

Manual ultrasonic X X X X X

Automatic ultrasonic X X X X

Manual thermographic X X X X

Automatic thermographic X X X X
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TABLE 6.12 Relative Cost and Requirement Ratings for the Main NDE Techniques

Cost Requirements
Inspection Equipment Skill Process control Process variance

Liquid penetrant Low Low High High High
Magnetic particle Low Moderate High High High
Radiography Moderate High High High High
Manual eddy current Low Moderate High Moderate Moderate
Automatic eddy current Moderate High Moderate High Low
Manual ultrasonic Low Moderate High Moderate Moderate
Automatic ultrasonic Moderate High Moderate High Low
Manual thermographic Low High High High Moderate
Automatic thermographic Low High Moderate High Low
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TABLE 6.13 General Process Steps for the Main NDE Techniques

Liquid penetrant inspection
The test object is cleaned to remove both surface and materials in the capillary

opening.
A penetrant fluid is applied and allowed to penetrate into the capillary opening.
The surface penetrant fluid is removed without removing fluid from the capillary.
A developer is applied to provide a visible contrast to the penetrant fluid material.
The test object is visually inspected to detect, classify, and interpret the presence, 

type, and size of the penetrant indications.

Magnetic particle inspection
The test object is cleaned to remove surface contaminants.
A magnetic field is induced in the object.
A fluid or powder containing finely divided particles that are attracted by the

presence of a discontinuity in a magnetic field is applied.
The test object is visually inspected to detect, classify, and interpret the presence,

type, and size of indications.

X-radiographic inspection
A sheet of X-ray-sensitive film is located on one side of the test object.
An X-ray source is located on the opposite side of the test object.
The X-ray source is activated to “expose the film” in a through-transmission mode.
The film is developed.
The resultant film image is visually inspected to detect, classify, and interpret the

presence, type, and size (magnitude) of included indications.

Eddy-current inspection
The eddy-current probe is placed in contact with the test object.
An alternating magnetic field is induced in the probe by an alternating current in the

probe coil.
Eddy-current flow is induced in the test object.
The magnitude and phase of the induced current flow is sensed by a secondary coil in

the probe or by a change of inductance in the probe.
A localized change in induced current flow indicates the presence of a discontinuity

in the test object.
The size of the discontinuity is indicated by the extent of the response change as the

probe is scanned along the test object.

Ultrasonic inspection
An ultrasonic transducer is located in contact with or in close proximity to the test

object.
The transducer is energized in a pulsed mode to direct and propagate acoustic energy

into the test object.
Acoustic energy is transmitted, reflected, and scattered within the test object.
Energy within the test object is transmitted or redirected by internal interfaces

caused by test object geometry features or internal anomalies.
Transmitted or redirected energy from the test object is detected by a transducer

located on or near the test object.
The transmitted or redirected energy is analyzed in the time or frequency domain

and the internal condition of the test object is determined by interpretation of the
pattern and amplitude features.
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assess questionable components and can help in deciding what to do
next. Where necessary, permanent records can be obtained by photog-
raphy or digital imaging and storage.

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 1.5� to 2000�. Fields of view typically range
from 90 to 0.2 mm, with resolutions ranging from 50 to 0.2 �m. A 10�
magnifying glass is recommended for positive identification of sus-
pected cracks or corrosion. The disadvantage of visual inspection is
that the surface to be inspected must be relatively clean and accessi-
ble either to the naked eye or to an optical aid such as a borescope.
Typically, visual inspection lacks the sensitivity of other surface NDE
methods. Further, visual methods are qualitative and do not provide
quantitative assessments of either material loss or residual strength.
In addition, visual inspection techniques can be labor-intensive and
monotonous, leading to errors.

Borescopes. A borescope is a long, thin, rigid rodlike 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 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
lens can be focused for comfortable viewing. Borescopes typically range
from 6 to 13 mm in diameter and can be as long as 2 m. Borescopes
often incorporate a light near the objective lens to illuminate the view-
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TABLE 6.13 General Process Steps for the Main NDE Techniques (Continued)

Thermographic inspection
A pulse of thermal energy is introduced into the test object.
Energy is diffused within the test object according to the thermal conductivity, the

thermal mass, inherent temperature differentials, and the time of observation.
The temperature of the test object surface is monitored by a thermographic camera

with a capability for detection in the infrared energy spectrum.
Interpretation is completed by visually monitoring the relative surface temperature

as a function of time and relating temperature differences in the time domain to the
internal condition and/or structure of the test object.

A relative change in surface temperature is indicative of a change in continuity or
disbondment in a bonded structure.

The size of an unbond is indicated by the location of the temperature gradient on the
surface at a specific time and is modified by comparison with responses from similar
test objects with similar geometry and thermal mass.
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ing area. Different borescopes are designed to provide 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, but they are flex-
ible. 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 direc-
tion. Like borescope images, 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
imaging systems. 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 per-
manent record. Video images can be processed for enhancing and ana-
lyzing video images for flaw detection. Specialized processing
algorithms may be applied which can identify, measure, and classify
defects or objects of interest.

Advanced methods. 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 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, the resultant observation is the
departure from straightness of a projected line. The surface profile can
be calculated using image processing techniques.

D-Sight has the potential to map areas of surface waviness as well
as to 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 visualizing index of
refraction gradients or slopes in an optical system. One possible prob-
lem with D-Sight is that the technique shows virtually every devia-
tion on the surface, regardless of whether it is a defect or a normal
result of manufacture.
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Liquid penetrant inspection. The liquid penetrant NDE method is
applied to detection of faults that have a capillary opening to the test
object surface. The nature of this NDE method demands that attention
be given to material type, surface condition, and rigor of cleaning.
Liquid penetrant inspection can be performed with little capital expen-
diture, and the materials used are low in cost per use. This technique
is applicable to complex shapes and is widely used for general product
assurance.

This technique is easy, completely portable, and highly accurate if
performed properly. It detects open-to-the-surface crack indications.
Rigorous surface cleaning is required. This technique is applicable
only to cleaned surfaces; unclean ones will give unsatisfactory results.
It is readily used on external and accessible surfaces that have been
subjected to minimal corrosion deterioration and can be cleaned. It
readily detects any open-to-the-surface cracks, surface defects, and
pitting.

Magnetic particle inspection. Magnetic particle inspection is applied to
the detection of surface-connected or near-surface anomalies in test
objects that are made from materials that sustain a magnetic field.
Special equipment is required in order to induce the required magnet-
ic field. Procedure development and process control are required in
order to use the proper voltage, amperage, and mode of induction. Test
object materials must be capable of sustaining an induced magnetic
field during the period of inspection. The concentration and mode of
application of the magnetic particles must be controlled. Material
characteristics or surface treatments which result in variable magnet-
ic properties will decrease detection capabilities. Magnetic particle
inspection can be performed with little capital expenditure and, as
with the liquid penetrant technique, the materials used are low in cost
per use, the technique is applicable to complex shapes, and it is wide-
ly used for general product assurance.

Magnetic inspection can be portable. It requires only a magnetiza-
tion power source, such as that provided by an electrical outlet. It is
most frequently used in evaluating the quality of weld deposits and
subsurface weld indications such as cracks. This is the preferred
method for detecting cracks in deaerators, for example.

Radiographic inspection. Radiographic inspection is a nondestructive
method of inspecting materials for surface and subsurface disconti-
nuities. 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 being
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examined. By recording the differences in absorption of the trans-
mitted waves, variations in the material can be detected. The varia-
tions in transmitted waves may be recorded by either film or
electronic devices, providing a two-dimensional image that requires
interpretation. The method is sensitive to any discontinuities that
affect the absorption characteristics of the material.

The techniques and technologies of x-ray 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°. Another type is the
panoramic tube, which emits x-rays in a complete 360° circle. This
type of tube would be used, for example, to examine the girth welds in
a jet engine with a single exposure.

■ Real-time radiography. This is the new form; it presents an instant
image, much like a video camera. It is mostly used for examining the
surfaces of piping beneath insulation with the insulation in place. It
is completely portable, and its operators are required to be licensed.
This technique allows the instant viewing of a radiographic image
on a cathode-ray tube. The image may be captured on any electron-
ic medium in use today. This electronic/digital imaging technique is
the only data retention system available.

■ Classical radiography. This is similar to a medical radiograph that
generates a film record. It is a completely portable inspection proce-
dure, and extensive training and licensing of personnel are required.
This technique is used to examine piping for interior corrosion and
deposits, weld quality, and conditions of internal valving or compo-
nents. A limitation is that it cannot be used on piping systems filled
with water or other liquids, since the radiation cannot penetrate
water. Extensive calibration and destructive verification of actual
conditions allow achievement of a high level of confidence in the
radiographic technique.

Advances in the use of radiography are being made that involve
using computers and high-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 a two-dimensional view of the internal
structure may be displayed. The tremendous advantage of this method
is that internal dimensions can be measured very accurately to deter-
mine such conditions as wall thinning in tubes, size of internal dis-
continuities, 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
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general and CT scanning in particular are extremely useful in vali-
dating 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.

Compton backscatter imaging (CBI) is emerging as a near-surface
NDE measurement and imaging technique. CBI can detect critical
embedded flaws such as cracks, corrosion, and delaminations in metal
and composite aircraft structures. In CBI, a tomographic image of the
inspection layer is obtained by raster scanning the collimated source-
detector assembly over the object and storing the 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 single-sided measurement.

Eddy-current inspection. 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 to cur-
rent 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 con-
ductivity, changes in magnetic permeability (the ability of a material
to be magnetized), the geometry or shape of the part being analyzed,
and defects. Among these defects are cracks, inclusions, porosity, and
corrosion.

Eddy-current methods are used to measure a variety of material
characteristics and conditions. They are applied in the flaw detection
mode for the detection of surface-connected or near-surface anomalies.
The test objects must be electrically conductive and be capable of uni-
form contact by an eddy-current probe. Special equipment and spe-
cialized probes are required to perform the inspection. Procedure
development, calibration artifacts, and process control are required to
assure reproducibility of response in the selected test object.

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
of eddy-current inspections are obtained immediately. The other type of
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eddy-current instrument displays its results on planar form on a screen.
This format allows both coil impedance components 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.

Automated scanning is performed using an instrumented scanner
that keeps track of probe position and automated signal detection so
that a response map of the test object surface can be generated.
Resolution of the inspection system is somewhat dependent on the
fidelity of the scan index and on the filtering and signal processing
that are applied in signal detection. A scan map can be generated by
automated eddy-current scanning and instrumentation systems.

The results of eddy-current inspection are extremely accurate if the
instrument is properly calibrated. Most modern eddy-current instru-
ments are relatively small and battery-powered. In general, surface
detection is accomplished with probes containing small coils (3 mm
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 the underlying structure.
The lower the frequency, the deeper the penetration. LFEC is general-
ly considered to be between 100 Hz and 50 kHz.

A major advantage of eddy-current NDE is that it requires only min-
imal part preparation. Reliable inspections can be performed through
normal paint or nonconductive materials up to a thickness of approxi-
mately 0.4 mm. Eddy-current technology can be used to detect surface
and subsurface flaws on single- and multiple-layered materials.

Advanced methods
Scanned pulsed eddy current. This technique for application of eddy-

current technology uses 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 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 5 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 commer-
cial probes. The technique is sensitive to hidden corrosion and provides
a quantitative determination of metal loss.

Magneto-optic eddy-current imaging. Magneto-optic eddy-current
(MOI) images result from the response of the Faraday magneto-optic
sensor to the weak magnetic fields that are generated when eddy cur-
rents induced by the MOI interact with defects in the inspected mate-
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rial. 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 imag-
ing 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 screen. Rivet
holes, cracks, and subsurface corrosion are readily visible. The image
is in video format and therefore is easily recorded for documentation.

Ultrasonic inspection. Ultrasonic inspection, one of the most widely
used NDE techniques, is applied to measure a variety of material
characteristics and conditions. Ultrasonic examination is performed
using a device which generates a sound wave through a piezoelectric
crystal at a frequency between 0.1 and 25 MHz into the piece being
examined and analyzes the return signal. The device measures the
time it takes for the signal to return and the amount and shape of
that signal. It is a completely portable device that requires only that
the probe be in direct contact with a clean surface in order to obtain
accurate information.

Test objects must support propagation of acoustic energy and have a
geometric configuration that allows the introduction and detection of
acoustic energy in the reflection, transmission, or scattered energy
configurations. The frequencies of the transducer and the probe diam-
eter have a direct effect on what is detected. Lowering the testing fre-
quency increases depth of penetration, while increasing the probe
diameter reduces the beam spread. Increasing the frequency also
increases the beam spread for a given diameter.

Manual scanning is performed using instruments that have an oscil-
loscope-type readout. Operator interpretation uses pattern recogni-
tion, signal magnitude, timing, and respective hand-scan position.
Variations in instrument readout and variations in scanning can be
significant. Automated scanning is performed using an instrumented
scanner that keeps track of probe position and automated signal detec-
tion (time, phase, and amplitude), so that a response map of the inter-
nal structure of the test object can be generated. The resolution of the
system is somewhat dependent on the fidelity of the scan index and on
the filtering and signal processing that are applied in signal detection.
A scan map may be generated by automated ultrasonic scanning and
instrumentation systems.

The most fundamental technique used is that of thickness testing. In
this case, the ultrasonic pulse is a compression or longitudinal wave
that is sent in a perpendicular direction into the metal being measured.
The signal reflects off the back wall of the product being analyzed, and
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the time of flight is used to establish the thickness. There are instru-
ments that allow the testing to be conducted through paint coatings.
This is done by looking at the waveform and selecting the area that rep-
resents the actual material, not the signal developed by the coatings.

Techniques have been developed that employ different types of
waves, depending on the type of inspection desired. Compression
waves are the type most widely used. They occur when the beam
enters the surface at an angle near 90°. These waves travel through
materials as a series of alternating compressions and dilations in
which the vibrations of the particles are parallel to the direction of the
wave travel. This wave is easily generated and 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 corrosion loss and delaminations. They are not very
effective, however, for the detection of cracks which are perpendicular
to the surface.

Shear or transverse waves are also used extensively in ultrasonic
inspection; these are generated when the beam enters the surface at a
moderate angle. Shear-wave motion is similar to the vibrations of a
rope that is being shaken rhythmically: Particle vibration is perpen-
dicular to the direction of propagation. Unlike longitudinal waves,
shear waves do not travel far in liquids. Shear waves have a velocity
that is about 50 percent of that 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 mate-
rial at a shallow angle. They travel with little attenuation in the direc-
tion of the propagation, but their energy decreases rapidly as the wave
penetrates below the surface. They are affected by variations in hard-
ness, 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 relative-
ly 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 the vibrations.
There are two basic forms of lamb waves: symmetrical (dilational) and
asymmetrical (bending). Each form is further subdivided into several
modes, which have different velocities that can be controlled by the
angle at which the waves enter the test piece. Lamb waves can be used
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for detecting voids in laminated structures, such as sandwich panels
and other thin, bonded laminated structures.

Advanced methods

Dripless bubbler. One of the most promising improvements in
ultrasonic testing technology is the dripless bubbler. This is a devel-
opment not in the ultrasonic probe itself but in the mechanism for
employing it consistently on curved, irregular, vertical, and inverted
surfaces. The dripless bubbler itself is a pneumatically powered device
that holds a water column between the ultrasonic probe and the
inspected surface. With software control of the movement of the probe,
a fast and accurate map of the inspected surface can be obtained.

Laser ultrasound. There is also emerging interest in the area of
laser ultrasonics, or laser-based ultrasound (LUS). The innovation is
the use of laser energy to generate sound waves in a solid. This obvi-
ates 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. However, the technology
can also be applied 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.

Thermographic inspection. Thermographic inspection methods are
applied to measure a variety of material characteristics and condi-
tions. They are generally applied in the flaw detection mode for the
detection of interfaces and variation of the properties at interfaces
within layered test objects. Test objects must be thermally conductive,
and the test object surface must be reasonably uniform in color and
texture. This technique uses the infrared energy associated with the
part or system being examined. It is noninvasive and gives a photo-
graphic image of the thermal conditions present on the surface being
examined. It can be used to accurately measure metal temperatures to
establish whether brittle or overheated conditions exist. The method is
a volume inspection process and therefore loses resolution near edges
and at locations of nonuniform geometry change.

Manual inspection is performed using manual control of the thermal
pulse process and human observation and interpretation of the thermal
images produced as a function of time. A false-color thermal map pre-
sentation may be used to aid in discrimination of fine image features
and pattern recognition. The thermal map may be recorded on video-
tape as a function of time. Automated scanning is performed using an
instrumented scanner which reproducibly introduces a pulse of ther-
mal energy into the test object and synchronizes pulse introduction
with the “start time” for use in automated image readout. Automated
readout is effected via preprogrammed digital image processing and is
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test object– and inspection procedure–specific. Several techniques have
been developed that use this temperature information to characterize
the thermal properties of the sample being tested.

Many defects affect the thermal properties of materials. Examples
are corrosion, debonds, cracks, impact damage, and panel thinning.
With judicious application of external heat sources, these defects can be
detected by an appropriate infrared survey. Uses of thermography tech-
niques currently range from laboratory investigations to field equip-
ment. Thermography, in its basic form, has the limitation that it
measures only the surface temperature of the inspected structure or
assembly. Therefore, 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 identifying areas that should
be inspected more carefully using more precise techniques, such as
eddy-current and ultrasonic methods.

Thermal wave imaging overcomes some of these limitations by mea-
suring the time response of a thermal pulse rather than the tempera-
ture response. The thermal pulse penetrates multiple layers when
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 to provide fast, quantitatively defined feedback with
minimal operator interpretation required.

Advanced methods. The raw image displayed by an IR camera conveys
only information about the temperature and emissivity of the surface
of the target it views. To gain information about the internal structure
of the target, it is necessary to observe the target either as it is being
heated or as it cools. Since it takes heat from the surface longer to
reach a deeper obstruction than to reach a shallow one, the effect of a
shallow obstruction appears at the surface earlier than that of a deep
one. The thermal response to a pulse over time, color-coded by time of
arrival, is displayed as a two-dimensional, C-scan image for interpre-
tation by the operator.

Dual-band infrared computed tomography uses flash lamps to excite
the material with thermal pulses and detectors in both the 3–5- and
the 8–12-�m ranges to obtain the results. This technique gives three-
dimensional, pulsed-IR thermal images in which the thermal excita-
tion provides depth information, while the use of tomographic
mapping techniques eliminates deep clutter.

6.6.3 Data analysis

When an NDE process is applied to a test object, the output response
to an anomaly within the test object will depend on the form of detec-
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tion, the magnitude of the feature that is used in detection, and the
relative response magnitude of the material surrounding the anom-
aly. In an ultrasonic inspection procedure, for example, the ampli-
tude of the response from an anomaly within a structure may be
used to differentiate the response from the grain structure (noise)
surrounding the anomaly. If the ultrasonic procedure (measure-
ment) is applied repetitively to the same anomaly, a distribution of
responses to both the anomaly and the surrounding material will be
obtained.

The measured response distribution reflects the variance in the
NDE measurement process and is typical of that obtained for any mea-
surement process. The response from the surrounding material con-
stitutes the baseline level for use in discrimination of responses from
internal anomalies. The baseline response may be termed noise, and
both the discrimination capability and anomaly sizing capability of the
NDE procedure are dependent on the relative amplitudes and the rate
of change of the anomaly response with increasing anomaly size
(slope). The considerable flaw-to-flaw variance and the variance in sig-
nal response to flaws of equal size cause increased spread in the prob-
ability density distribution of the signal response. If a threshold
decision (amplitude) level is applied to the responses, clear flaw dis-
crimination (detection) can be achieved, as shown in Fig. 6.42. If the
same threshold decision level (acceptance criterion) is applied to a set
of flaws of a smaller size (as shown in Fig. 6.43), clear discrimination
cannot be accomplished.

In this example, the threshold decision level could be adjusted to
a lower signal magnitude to produce detection. As the signal magni-
tude is adjusted downward to achieve detection, a slight increase in
the noise level will result in a “false call.” As the flaw size decreas-
es, the noise and signal plus noise responses will overlap. In such
cases, a downward adjustment in the threshold decision level (to
detect all flaws) will result in an increase in false calls. Figure 6.44
shows an example in which the threshold decision level (acceptance
criterion) has been adjusted to a level where a significant number of
false calls will occur. In this example, a slight change in flaw signal
distribution will also result in failure to detect a flaw. The NDE pro-
cedure is not robust and is not subject to qualification or certifica-
tion for purposes of primary discrimination. The procedure may,
however, be useful as a prescreening tool, if it is followed by anoth-
er procedure that provides discrimination of the residuals. For
example, a neural network detection process structured to provide
discrimination at a high false call rate may be a useful in-line tool if
other features are used for purposes of discrimination after the
anomaly or variance is identified.
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Figure 6.42 Flaw detection at a threshold signal level.
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Figure 6.43 Failure to detect smaller flaws at the same threshold signal level.
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