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Abstract

Conventional organic coatings delay corrosion principally by creating a physical barrier between
metallic substrates and aggressive environments, but early underfilm corrosion may remain visually
concealed until significant coating degradation, blistering, staining, or delamination has occurred. Smart
self-indicating coatings seek to close this inspection gap by converting electrochemical changes
associated with corrosion initiation into visible, fluorescent, or instrument-readable warning signals.
This study develops a methodological framework for evaluating smart coatings designed for early
corrosion indication. The framework distinguishes between coating damage, electrochemical corrosion
initiation, and advanced corrosion so that sensing performance is not confused with conventional barrier
protection. Because authenticated salt-spray experiments, electrochemical impedance spectroscopy data,
fluorescence measurements, microscopy, and coated-panel exposure records were not supplied, the
quantitative component is explicitly simulation based. A synthetic experimental matrix of 144 coated
specimens is evaluated across conventional passive coatings, pH-responsive self-indicating coatings, and
dual-channel coatings responding to both local pH variation and corrosion-generated metal ions. A
Smart Corrosion Indication Performance Index is proposed using detection threshold, response time,
signal contrast, spatial localization, false-alarm resistance, matrix compatibility, and signaling
repeatability.

Simulated analysis demonstrates that a dual-channel architecture crosses a predefined warning
threshold at a substantially lower corrosion-severity level than the single-channel pH-responsive
formulation, whereas a conventional coating does not produce an effective autonomous warning within
the modeled early-corrosion range. The analysis further indicates that sensing-agent encapsulation is
important because direct addition can produce premature leaching, false indication, chemical
incompatibility, and deterioration of coating barrier properties. Smart corrosion-indicating coatings
should therefore be optimized as multifunctional systems in which protective performance, sensor
chemistry, carrier architecture, trigger specificity, and signal durability are balanced. Their engineering
value lies not in diagnosing corrosion mechanisms autonomously but in providing localized early
warning that can trigger inspection before corrosion becomes macroscopically evident.

Keywords: smart coatings, corrosion indication, self-reporting coatings, corrosion sensing, pH-
responsive coatings, fluorescent indicators, nanocontainers, early warning

1. Introduction
Corrosion beneath protective coatings presents an important inspection challenge because
electrochemical degradation can begin at microscopic defects, scratches, pores, edges, or locally
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weakened regions while the external coating continues to appear substantially intact. Conventional
coatings provide protection through barrier action, inhibitor chemistry, or combinations of these
mechanisms, but they generally do not communicate the condition of the underlying interface.
Consequently, maintenance personnel may detect corrosion only after rust staining, coating blistering,
delamination, loss of adhesion, or other visible deterioration has developed. Self-reporting coating
research addresses this limitation by introducing indicators capable of producing optical signals in
response to physicochemical changes associated with localized corrosion. Reviews of self-reporting
corrosion coatings identify fluorescence, visible color change, and mechanically triggered signaling
among the principal approaches proposed for detecting coating damage or corrosion initiation.

The electrochemical reactions involved in localized corrosion create several potential sensing
opportunities. Metal oxidation at anodic sites generates metallic ions and can alter local acidity through
subsequent hydrolysis, while cathodic oxygen or water reduction can generate hydroxide ions and
produce locally alkaline regions. A coating containing a suitable pH-sensitive molecule can therefore
change color or fluorescence when corrosion-generated chemistry moves the local environment across
its response range. Conversely, a ligand capable of selectively complexing a corrosion-generated metal
ion can signal anodic dissolution more directly. Phenanthroline-modified coating systems, for example,
have demonstrated visible coloration in response to ferrous ions generated at steel corrosion sites, while
fluorescent probes have been successfully used to detect localized aluminum corrosion before extensive
visible deterioration develops.

The method used to incorporate sensing chemistry is equally important. Directly dispersing an
indicator throughout a polymer matrix is technically simple but can create several disadvantages. The
molecule may react with resin components, influence curing, leach during service, respond to
environmental conditions unrelated to corrosion, or deteriorate the coating's barrier performance.
Microcapsules, mesoporous silica particles, metal-organic frameworks, and other nano- or
microcontainers provide an alternative by isolating the responsive species until an appropriate trigger
occurs. Nanosensors based on mesoporous silica containers have demonstrated fluorescence associated
with the onset of metallic dissolution, while pH-sensitive phenolphthalein-loaded silica containers have
been used to produce reproducible color signaling in protective coatings.

A further development involves coatings that combine more than one sensing mechanism.
Single-channel systems may provide sensitive indication but can be affected by environmental pH,
contamination, indicator aging, or signal ambiguity. Dual-channel systems can combine visible color
and fluorescence or integrate responses to different corrosion-related chemical species. Research on
copper-alloy protection has demonstrated a coating capable of producing both colorimetric and
fluorescent responses to corrosion-generated copper ions, with nanocontainer incorporation improving
detection sensitivity. Such approaches suggest that early corrosion indication can be treated as a
confidence problem: when two chemically independent signals identify the same local region, the
probability that the response represents genuine corrosion rather than environmental interference can
potentially increase.
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2. Objectives of the Study

2.1 Development of an Early Corrosion Indication Framework

The first objective is to develop an analytical framework capable of distinguishing coating damage from
active corrosion. Mechanical scratches or microcracks may increase the probability of corrosion without
immediately generating anodic metal dissolution. A coating that merely indicates damage can provide
useful preventive warning, but its output should not be interpreted as evidence that corrosion is already
occurring.

The proposed system therefore differentiates three signal classes: damage-responsive warning,
pH-responsive electrochemical indication, and metal-ion-responsive corrosion indication. This
separation allows the detection mechanism to be matched with the physicochemical event actually being
measured.

2.2 Quantification of Smart Coating Sensing Performance

The second objective is to define corrosion-indicating performance through multiple variables rather
than signal visibility alone. A coating producing a dramatic color change after substantial corrosion is
less useful for early warning than one generating a clear localized response when electrochemical
activity is still limited.

Detection threshold, response time, signal-to-background contrast, localization accuracy, false-
alarm resistance, repeatability, and compatibility with coating performance are therefore incorporated
into a composite performance index. This facilitates comparison of sensing architectures that operate
through different optical mechanisms.

2.3 Evaluation of Single- and Dual-Channel Indication Strategies
The third objective is to examine whether combining pH-sensitive and metal-ion-sensitive pathways can
improve the reliability of corrosion warning. pH variation provides a sensitive signal of electrochemical
activity but may potentially respond to environmental chemistry unrelated to corrosion. Metal-ion
sensing can offer greater chemical specificity but may depend upon metal dissolution reaching a
sufficient local concentration.

The methodological hypothesis is therefore that combining the two approaches can provide
earlier and more confident indication than either mechanism considered independently, provided that the
indicators remain compatible with the coating and do not interfere chemically with each other.

3. Review of Literature
3.1 Corrosion-Responsive Colorimetric and Fluorescent Indicators
Self-indicating coating development has used both colorimetric and fluorescent chemistries.
Colorimetric approaches are attractive because a visible response may be inspected without specialized
instrumentation. Phenolphthalein is particularly useful for identifying alkaline conditions generated
around cathodic corrosion reactions, while phenanthroline derivatives can form strongly colored
complexes with ferrous ions generated during steel dissolution.

Dhole and colleagues developed phenanthroline-modified alkyd coatings that changed color at
corrosion-active locations and correlated the optical response with electrochemical impedance and
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microscopic observations. Their work demonstrated that corrosion-generated ferrous ions can serve as
an internal trigger for visible indication at the coating—metal interface. Li and colleagues subsequently
demonstrated a functionalized graphene/polymer system in which a phenanthroline functionality
attached to graphene oxide produced an early red signal in response to Fe*" associated with steel
corrosion. The graphene-containing coating also retained a protective function, illustrating that a sensing
component can contribute simultaneously to the coating architecture.

Fluorescent indicators offer a different advantage because a comparatively weak chemical event
can generate high optical contrast when viewed under suitable excitation. Augustyniak and Ming
demonstrated turn-on fluorescence for localized aluminum corrosion using an indicator responsive to
acidic conditions produced near anodic sites. Bright fluorescent areas corresponded with localized
pitting and could be identified using ultraviolet illumination. Exbrayat and colleagues developed
nanocapsule-based fluorescent sensors for stainless steel that responded during anodic dissolution,
illustrating how nanoencapsulation can increase the practical versatility of fluorescence-based corrosion
monitoring.

3.2 Nanocontainers and Controlled Exposure of Sensing Species

The encapsulation of sensing molecules represents a major development in smart-coating design because
it allows the responsive species to remain separated from the polymer until the appropriate event occurs.
A carrier can potentially prevent indicator degradation, reduce leaching, limit interference with polymer
curing, and concentrate the sensing molecule around the region where the coating is damaged or
corrosion chemistry develops.

Mata and colleagues validated a poly(ether imide) coating containing silica nanocapsules loaded
with a pH-responsive indicator on a magnesium alloy. Their results established reproducible color
signaling associated with corrosion activity and demonstrated a relationship between signal kinetics and
electrochemical behavior. Exbrayat and colleagues similarly used mesoporous silica nanocapsules
containing fluorescent organic molecules, obtaining sensitive detection of early metallic dissolution near
coating defects.

Nanocontainers can also increase sensing sensitivity by concentrating a probe and controlling its
interaction with the surrounding coating. Wang and colleagues incorporated a copper-responsive
rhodamine-derived sensor within a ZIF-8 carrier and reported improved detection sensitivity relative to
direct addition of the same sensing species. Their coating produced both colorimetric and fluorescent
outputs, demonstrating how carrier design and dual-mode optical signaling can be integrated.

3.3 From Passive Protection to Self-Reporting and Multifunctional Coatings
Traditional protective coatings operate primarily by limiting transport of water, oxygen, chloride, and
other aggressive species to the metal surface. Smart anticorrosion systems expand this function by
responding dynamically to environmental or damage-related stimuli. A broad review of smart
anticorrosion coatings describes the shift from passive barrier protection toward active functions
including triggered inhibitor release and self-healing.

Self-reporting coatings add another functional dimension because they communicate the
condition of the coating—metal system. Ma and colleagues categorize self-reporting approaches into
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fluorescent, colorimetric, and mechanically triggered indicators and emphasize that early warning may
be combined with self-healing or active protection. Such multifunctionality creates an attractive
engineering pathway: a coating could first indicate that damage or corrosion has initiated, then release an
inhibitor or healing agent to slow further deterioration until inspection occurs.

Yet increasing functionality also increases complexity. A sensing molecule may alter coating
crosslinking, an inhibitor may quench fluorescence, a capsule may reduce mechanical integrity, or a
healing reaction may change the local pH and produce a signal that could be misinterpreted as
continuing corrosion. Smart coating design therefore requires system-level validation in which
protective, sensing, and responsive functions are tested together rather than separately.

4. Research Methodology

4.1 Simulation Design and Coating Architectures

The study employs a simulation-based materials methodology because verified coated-panel

experimental data were not supplied. A synthetic metallic substrate exposed to chloride-containing

conditions is used as the reference system. The numerical dataset represents early-stage coating defects
and corrosion initiation rather than advanced generalized corrosion.

Three coating architectures are modeled:

o Passive barrier coating: a conventional polymer coating with no autonomous corrosion-indication
function.

« Single-channel smart coating: a polymer coating containing an encapsulated pH-responsive indicator
capable of producing visible or fluorescent response when corrosion-associated local pH change
exceeds a defined sensing threshold.

e Dual-channel smart coating: a coating containing a pH-responsive pathway together with a
chemically distinct metal-ion-responsive pathway. A high-confidence corrosion warning is generated
when either channel reaches a strong response or when both signals occur within the same spatial
region.

A synthetic experimental matrix of 144 specimens is created across multiple defect dimensions, chloride

exposures, indicator concentrations, and artificial corrosion-severity levels. The objective is not to

reproduce one commercial coating but to test the internal logic of the proposed evaluation framework.

Table 1: Variables for Evaluating Smart Corrosion-Indicating Coatings

Performance Proposed Experimental Functional

. . . Principal Failure Mode
Dimension Measure Interpretation

Corrosion charge, ion .

. . - Determines how early | _.

Detection concentration, pH deviation, . Signal appears only after
corrosion becomes

threshold or electrochemical onset advanced corrosion
.. ) observable
before visible signal
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Performance
Dimension

Proposed Experimental
Measure

Functional
Interpretation

Principal Failure Mode

Response time

Time between verified
corrosion initiation and
detectable optical response

Determines inspection
usefulness

Excessive chemical or
diffusion delay

Signal contrast

Optical intensity or color
difference relative to intact
coating

Determines ease of
recognition

Weak signal confused
with background

Distance between true

Indicator diffusion

performance

protection

Spatial . - Identifies repair or
p. . corrosion site and indicated . . P . produces broad false
localization . inspection location .
region location
Humidity, pH, UV,
False-alarm Signal generated without . - contamination, or
. . . Determines reliability .
resistance verified corrosion mechanical damage
triggers response
. - Determines whether .
. Adhesion, permeability, EIS, . . Sensor addition
Coating . sensing chemistry .
o hardness, barrier . accelerates coating
compatibility compromises

failure

Repeatability

Signal variance among
replicate corrosion events

Determines calibration
reliability

Inconsistent or
irreversible premature
indicator activation

Source: Author-developed methodology informed by published smart corrosion-sensing coating

research.

4.2 Smart Corrosion Indication Performance Index
A Smart Corrosion Indication Performance Index (SCIPI) is proposed to integrate sensing
performance into one normalized metric:

SCIPli=wdDi+wrRi+wcCi+wlLi+wfFi+wpPi+wsSi

where:

o Di=normalized early-detection capability;
e Ri = response-time performance;

e Ci =signal contrast;

o Li=localization accuracy;

e Fi = false-alarm resistance;

Pi = protective-coating compatibility;
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e For the simulation:

SCIPIi=0.20Di+0.15Ri+0.15Ci+0.15Li+0.15Fi+0.10Pi+0.10Si

with:

=13 7wj=1

Early detection receives the highest weight because the principal justification for a self-reporting coating
is the ability to identify corrosion before macroscopic damage becomes obvious. False-alarm resistance
also receives substantial weight because an extremely sensitive coating is of limited operational value if
it regularly produces warnings unrelated to corrosion.

The weightings remain methodological assumptions and should be calibrated for particular
applications. Aerospace inspection might assign especially high weight to detection reliability, whereas
large civil infrastructure could assign greater importance to naked-eye visibility and long-term signaling
stability.

4.3 Experimental Validation and Signal-Classification Procedure

A future empirical implementation should combine optical sensing with independent electrochemical
and microscopic confirmation to prevent circular validation. The experimental sequence would begin
with coated metal panels containing controlled artificial defects, followed by exposure to immersion,
cyclic humidity, or neutral salt-spray conditions. Electrochemical impedance spectroscopy would be
recorded periodically to evaluate coating barrier degradation, while localized electrochemical techniques
could identify anodic and cathodic activity. Optical response would be assessed through changes in L*,
a*, and b* color coordinates before and after signal activation, while fluorescent sensing would quantify
changes in normalized intensity over time.

A dual-channel confirmation strategy would combine normalized pH-response strength with
metal-ion-response strength using equal weights for the baseline simulation. A warning would be
classified as high confidence when both corrosion-responsive pathways exceed their calibrated
thresholds within the same localized region. If only one pathway produces a significant response, the
system would classify the condition as “inspection recommended” rather than definitive corrosion
confirmation. This approach helps maintain methodological independence between sensing signals and
the reference definition of corrosion.

5. Analysis

5.1 Comparative Performance of Corrosion-Indication Architectures

The synthetic analysis demonstrates a clear difference between conventional protection and autonomous
indication. The passive coating develops no meaningful visible warning during the earliest modeled
corrosion stages. Optical changes become detectable only as corrosion severity increases sufficiently to
produce visible degradation, staining, or coating disturbance.

The pH-responsive smart coating reacts substantially earlier because corrosion-driven acidic or
alkaline microenvironments activate the sensing chemistry. However, its simulated false-alarm
resistance is lower than that of the dual-channel architecture because strong external pH excursions can
theoretically produce a similar response.
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The dual-channel coating achieves the highest overall SCIPI because it retains the sensitivity of pH-
based sensing while adding metal-ion response as a chemically independent indicator of substrate
dissolution.

Table 2: Simulated Performance of Corrosion-Indicating Coating Architectures

. . . False- .
Co.atlng Detection | Signal Localization Alarm Barr!el.’ . SCIPI
Architecture Score Contrast . Compatibility
Resistance
Conventional 18 21 27 96 94 51
passive coating
pH-responsive 78 83 82 74 84 79
smart coating
Metal-ion-
responsive 81 87 89 88 82 84
smart coating
Dual-channel 92 94 03 01 80 90
smart coating

Note: Values are normalized simulated performance scores and do not represent experimentally
measured properties of a commercial coating.

The passive coating scores highly for false-alarm resistance because it generates no autonomous
sensor output. This apparently favorable result illustrates why one metric alone is insufficient. A coating
cannot be considered an effective early-warning system merely because it avoids false signals.

The dual-channel coating records slightly lower barrier compatibility than the conventional
coating because introducing multiple sensing agents and carriers increases formulation complexity. This
represents an important design trade-off: additional sensing functionality should be incorporated only
when barrier performance remains within acceptable limits.

5.2 Early-Warning Threshold and Signal Development

The synthetic corrosion-severity analysis assigns a normalized warning threshold of 50 to the optical
indication signal. The conventional passive coating remains below this threshold throughout the
modeled early-stage range because it does not contain active sensing chemistry.

The pH-responsive coating approaches the warning threshold at a corrosion-severity index of
approximately 20 and clearly exceeds it by approximately 35. Its response increases rapidly as
corrosion-associated local chemistry intensifies.

The dual-channel architecture reaches the warning threshold earlier, exceeding the reference
value near a corrosion-severity index of 20 within the discretized simulation. The combined architecture
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also approaches signal saturation more rapidly because two chemically distinct pathways contribute to
the overall warning confidence.

Graph 1: Simulated Early-Warning Response of Smart Corrosion-Indicating Coatings
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The graph illustrates that passive barrier protection and smart sensing perform fundamentally different
functions. A conventional coating can remain protective while providing almost no information about
early electrochemical changes. The smart architectures transform those changes into an observable
signal before comparable visible deterioration would otherwise occur.

The dual-channel response should not be interpreted as proof that every two-indicator
formulation will outperform every single-indicator coating. Signal improvement depends on selecting
complementary trigger chemistries, maintaining container stability, avoiding optical interference, and
ensuring that the additional sensing phase does not degrade barrier protection.

Key Finding: The primary value of a smart corrosion-indicating coating is the reduction of the interval
between electrochemical corrosion initiation and humanly detectable warning.

5.3 Detection Reliability, False Alarms, and Signal Persistence

The synthetic results additionally demonstrate that maximum signal intensity is not equivalent to
maximum sensing quality. An indicator can produce intense fluorescence but still perform poorly if the
response spreads far beyond the active corrosion site or appears under noncorrosive environmental
conditions.

Spatial localization is especially important for maintenance. A warning signal that remains
within a few millimeters of a coating defect can guide targeted inspection, whereas a strongly diffusing
indicator can create an extensive discolored zone and reduce diagnostic usefulness.

Signal persistence creates a related design problem. Extremely transient signaling may disappear
before routine inspection occurs, while permanent coloration can make it difficult to determine whether
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corrosion remains active following repair. The optimal indicator lifetime depends upon inspection
frequency and application.

The proposed SCIPI therefore retains response time, localization, false-alarm resistance, and
repeatability as separate variables instead of ranking coatings solely according to their maximum optical
signal.

6. Discussion

6.1 Early Corrosion Indication Requires Chemical Specificity

The first implication is that smart coating design should begin with the corrosion chemistry of the
substrate. Steel, aluminum, magnesium, copper, and their alloys do not produce identical local chemical
environments during corrosion. Their dissolution products, hydrolysis behavior, oxide stability, and pH
distributions differ.

Phenanthroline-based systems are particularly relevant for ferrous substrates because Fe?* can
produce a distinctive colored complex. Dhole and colleagues demonstrated a relationship between color
change and corrosion-active locations in phenanthroline-modified alkyd coatings, while Li and
colleagues used phenanthroline-functionalized graphene oxide to create autonomous visual warning of
steel corrosion.

Aluminum provides a different sensing opportunity because localized anodic processes can
generate acidic conditions. Turn-on fluorescent chemistry has been used successfully to identify such
localized corrosion beneath epoxy coatings. Magnesium systems, by contrast, can generate strong local
alkalization that makes phenolphthalein-based sensing especially attractive.

This substrate dependence means that a coating marketed generically as “corrosion sensing”
should be evaluated cautiously. The sensor should have a clearly defined chemical target and validated
response range.

6.2 Encapsulation Balances Sensitivity With Coating Integrity

The second implication concerns the integration of sensing chemistry into the coating matrix. Direct
addition maximizes contact between indicator and coating environment but may expose the indicator
continuously to humidity, solvents, ultraviolet radiation, curing agents, and other substances capable of
degrading or activating it prematurely.

Encapsulation provides temporal and chemical isolation. Mesoporous silica nanosensors have
demonstrated sensitive fluorescent corrosion recognition, while pH-responsive silica nanocontainers
have shown reproducible self-indicating behavior. Metal-organic-framework carriers have also been
used to improve the sensitivity of dual colorimetric/fluorescent corrosion detection.

6.3 From Self-Indication Toward Integrated Structural Health Monitoring

The third implication is that smart corrosion-indicating coatings can become components of broader
structural health-monitoring systems. Visible color change may be sufficient for routine inspections of
accessible structures, but fluorescence or machine-readable optical signals could support automated
inspection in applications where early localized corrosion is difficult to identify manually.
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For example, fixed cameras, robotic inspection platforms, or unmanned vehicles could potentially record

periodic coating images and compare localized color or fluorescence changes through time. Such

systems would transform a coating from a passive protective material into a distributed sensing surface.
The engineering objective should nevertheless remain modest and defensible. Smart coatings do

not directly provide remaining structural life, corrosion depth, or mechanical integrity unless separate

calibration establishes those relationships. Their strongest function is early screening.

A corrosion-indication system can therefore support a hierarchical maintenance workflow:

No signal — normal inspection interval

Single-channel weak signal — targeted inspection

Dual-channel or persistent localized signal — electrochemical or nondestructive verification

Confirmed active corrosion — maintenance or repair

This architecture preserves the value of autonomous sensing without assigning the coating diagnostic

authority beyond what its chemistry can support.

7. Conclusion

Smart corrosion-indicating coatings provide an important extension of conventional barrier protection by
enabling a coated surface to communicate the onset or increased probability of hidden corrosion. Their
principal engineering value is not simply a dramatic color or fluorescent response but the possibility of
recognizing localized electrochemical activity before extensive rust formation, blistering, coating
delamination, or structural deterioration becomes externally obvious. Early-warning capability can
therefore reduce the time between corrosion initiation and targeted inspection.

The methodological framework developed in this study evaluates smart coatings through
detection threshold, response time, signal contrast, localization, false-alarm resistance, protective
compatibility, and repeatability. The simulated comparison indicates that a dual-channel architecture
combining pH-sensitive and metal-ion-responsive mechanisms can achieve a high Smart Corrosion
Indication Performance Index because it combines early chemical sensitivity with stronger confirmation
of substrate dissolution. The single-channel coating remains substantially more informative than a
passive coating but is theoretically more susceptible to environmental interference when its trigger is not
uniquely associated with corrosion.

Encapsulation emerges as a central design strategy because a smart coating must preserve the
functionality of its sensing chemistry without sacrificing the integrity of its protective matrix.
Nanocontainers can isolate indicators, regulate their exposure, improve localization, and potentially
increase sensitivity, but excessive carrier loading can introduce defects and undermine barrier
performance. Smart-coating optimization must therefore balance sensor chemistry, container
architecture, polymer compatibility, corrosion protection, optical visibility, and long-term environmental
stability.

Future experimental validation should use controlled coated-metal specimens and combine
neutral salt spray or immersion exposure with electrochemical impedance spectroscopy, localized
electrochemical methods, quantitative image analysis, fluorescence spectroscopy, adhesion testing, and
microscopy. Detection threshold should be reported relative to an independent electrochemical or
microscopic definition of corrosion initiation rather than merely the first visible appearance of the
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sensor. Research should also quantify false-positive response to humidity, temperature, ultraviolet
exposure, environmental pH, mechanical damage, and contaminants. Long-duration testing is especially
necessary to establish whether sensing agents remain functional after aging.

The strongest future systems are likely to combine protection, indication, and controlled
response. A coating could signal that corrosion has initiated, release a corrosion inhibitor to slow local
propagation, and preserve the warning long enough for maintenance personnel to identify the affected
region. Such multifunctional coatings should not be regarded as substitutes for inspection or corrosion
engineering. They are better understood as intelligent interfaces that make previously hidden
degradation observable earlier and thereby improve the timing and targeting of conventional
maintenance decisions.
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