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Methodologies for Predicting

the Service Lives of Coating Systems

. INTRODUCTION

Over the last two decades, the organic coatings industry
has undergone rapid technological and structural changes.
These changes have been induced by legislative actions
such as restrictions pertaining to hazardous chemicals,
toxic effluents, and volatile organic compounds. Further
changes have been induced by competitive and consumer
pressures to produce environmentally and user friendly
coatings without sacrificing ease of application, initial
appearance, or most importantly, without significantly
reducing the expected service life of the coating systems.
The consequence of these changes has been the displace-
ment of almost all previously commercially-important,
well-established coatings {largely high-solvent coatings)
by newer systems, the formulation and application of which
are based on different chemistries and technologies.

Unlike the coatings which are being displaced, the new
coatings do not have well-established performance histo-
ries. At present, generating a reliable performance history
for a new coating requires an extensive in-service or out-
door exposure program. Attempts at avoiding this task, by
employing various forms of short-term laboratory-based
aging tests, have had limited success, largely because of
confounded causal effects in the current durability proto-
cols. Alternatively, creating a performance history from
results of in-service exposures requires long exposure times
and yields results which have limited reproducibility since
the weather never exactly repeats itself.

Therefore, the coatings industry is faced with a di-
lemma. On one hand, the coatings industry needs a method
for generating performance data rapidly with assured reli-
ability. On the other hand, the results from laboratory-
based experiments, the most promising method for acquir-
ing service life data in the shortest time, have historically
been viewed with suspicion by the coatings industry.

However, a lack of confidence in results from short-
term laboratory tests is not found in all industries. The
electronics, medical, aeronautical, and nuclear industries

have long since made the transition from an overwhelm-
ing dependence on long-term in-service tests to reliance on
short-term laboratory tests. This change has greatly re-
duced the time required to introduce new products and
helped improve the competitive status of these industries.
The service life prediction methodology used by these
industries, however, is quite different from the one used in
the coatings and other building industries. It is based on
reliability theory and life testing analysis (see Section IV);
henceforth, this will be termed the reliability-based meth-
odology. Because of the success of the reliability-based
methodology, it seems worth comparing it with the cur-
rent durability methodology used in the coatings industry
to determine if it is indeed superior.

The goals of this monograph, therefore, are to:

(1) Compare the current durability methodology used
in the coatings industry with the reliability-based method-
ology used in other industries;

(2) Identify the elements of each methodology and
their underlying assumptions;

(3) Identify the interrelationships between these ele-
ments; and

{4) Identify technical barriers, including deficiencies
in standards, and critical research areas which need to be
addressed to improve the ability to predict the service lives
of coatings.

Although the scope of this monograph is broad, it is not
a definitive treatise on the service life prediction problem.
Instead, it is a review of important issues and difficulties
in predicting the service life of a coating system with
suggestions as to how to proceed. It is hoped that this
presentation will foster discussion within the coatings
community and serve to alleviate doubts about the feasi-
bility of implementing a successful quantitative service
life prediction methodology.

Il. GENERAL ATTRIBUTES OF THE SERVICE LIFE PREDICTION PROBLEM

Before comparing the current durability methodol-
ogy with the proposed reliability-based methodology,
attributes of the service life prediction problem which
are common to all materials, components, and systems
arereviewed. The presentation in this section is largely
descriptive; in Section IV.A., it is given a more math-
ematical structure. The purpose of this section is to
derive a set of criteria for judging the efficacy of any
existing or proposed service life prediction methodol-

ogy.

A. Sources of Service Life Data

Data for use in service life prediction can be generated
from three sources” (see Figure 1): (1) short-term labora-

* Experience, expert knowledge, and published results also play an
important role in establishing a coating system’s performance history (ASTM
E 632, 1992; Masters and Brandt, 1987, 1989). The information obtained from
these sources is often non-quantitative or fuzzy {Zimmermann, 1991) thus,
difficult to assimilate in deriving a quantitative estimate of the service life of
a coating system. For this reason, the emphasis in this review is on quantita-
tive data of known precision and accuracy.
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Figure 1—Three primary sources of quantitative service
life data

tory-based exposures; (2) long-term in-service or outdoor
exposures; and (3) fundamental mechanistic studies
(Dickie, 1992). Each source is capable of providing useful
data for predicting the service life of the system under
investigation. For example, in short-term laboratory-based
aging and fundamental mechanistic experiments, it is pos-
sible to control the intensities of individual weathering
factors, generate reproducible experimental results, and
derive fundamental information about the failure modes
and failure mechanisms causing a coating system to de-
grade. Long-term in-service exposure studies assure that a
coating system degradation will not fail by “unnatural
chemistry” (Bauer, 1993) and also provide valuable insight
into the dominant failure modes and the distribution of
times-to-failure. However, long-term in-service exposure
results seldom provide useful information about the cause
of failure or the events leading up to failure, which are the
strengths of both fundamental mechanistic and labora-
tory-based experiments {Amster et al., 1982; Lawless, 1983;
Dickie, 1992).

The success of any service life prediction methodology,
therefore, hinges on its ability to utilize the strengths,
establish information linkages, and integrate the knowl-
edge gained from each of these data sources. To facilitate
the establishment of these linkages, the mission and ex-
perimental protocol for each of the three sources of service
life data must be coordinated. That is, each data source
must complete a well-defined mission which provides
unique, complementary, and comparable data useful in
modeling the degradation response, identifying weaknesses,
and predicting the service life of a coating system. In
generating the necessary data, several key issues must be
addressed. These include:

(1) Sufficiently detailed identification of the initial
properties measurements of a coating system which will
be sufficient to completely describe a coating system (see
Section IV.B.1. and IV.B.5.);

(2) Characterization of weathering factors in a manner
which is equivalent to the way these factors are character-
ized in laboratory-based experiments (see Section IV.B.2.);

(3} Quantification of coating system degradation in a
way that the data collected from each source can be com-
pared and used with data collected from the other sources
(see Section IV.B.3.);

(4) Establishment of acceptable limits of precision and
accuracy for initial property, coating degradation, and
weathering factor measurements (see Section IV.B.2.);

(5) Identification of a method for analyzing collected
data, the outcome of which is a quantitative estimate of
the service life of a coating system exposed in its intended
service environment (see Sections IV.A. and IV.B. 4.); and

(6) Creation of a means for efficiently storing, process-
ing, and retrieving initial property, environmental expo-
sure, and degradation data to facilitate the organization
and integration of this knowledge in making service life
prediction estimates (see Section IV.B.5.}.

B. Fault Trees

The service life of all commercial products is affected
by many variables, including weathering variables and
variables associated with the materials, manufacturing,
and design of the product. The relationship among these
variables and the service life of the product is seldom well
understood. It would be helpful, therefore, if a graphical
tool were available for displaying the current state of knowl-
edge as to how each of these variables interact and affect a
product’s service life. One such tool is fault tree analysis,
and its possible application in predicting the service life of
coating systems is discussed here. Fault tree analysis is a
deductive, systems analysis technique which provides a
formal structure for graphically and logically relating a top
event, the failure of a coating system, to its underlying
faults (Haasl, 1965; Vesely et al., 1981). Fault tree analysis
is an important tool for diagnosing weaknesses in compli-
cated systems [Bergman, 1985) and is heavily used in the
electronics (Fussell et al., 1979; Bro and Levy, 1990), nuclear
(Vesely et al., 1981), and aerospace (Haasl, 1965) indus-
tries.

Coating systems function to protect or improve the
appearance of a substrate, or both. Whenever the coating
system no longer performs its intended function, it has
failed. Failure of a coating system occurs by any number of
failure modes. However, before exposure in its intended
service environment, it is seldom possible to anticipate
which failure mode will predominate. For architectural
coatings, common failure modes include chalking, gloss
loss, cracking, peeling, and fading (see Figure 2). For anti-
fouling, appliance, automotive, aerosol can, and mainte-
nance coatings, the dominant failure modes are often quite
different from those for architectural coatings. For ex-
ample, maintenance coatings usually fail from a loss-of-
protection failure (e.g., corrosion, blistering, undercutting,
or cracking) and seldom from a loss-of-appearance failure.

Failure of a coating system (see Figure 3) can normally
be attributed to a number of root faults which are associ-
ated with the (1) coating application technique, (2] design
of the structure to be coated, (3} manufacturing and pro-
cessing of the coating system components, (4) properties of
the materials comprising the coating system, and {5) expo-

Coating System Failure

I | W

l J l |

i 1
|7Chalking | | Dirt Retention | Alkyd Leaching '
L oL L

Color Change | Blistering

Corrosion } [CrackinglPeeling | Mildew
j )1 1

Figure 2—Common failure modes for architectural coatings
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sure environment. Moreover, each root fault can be parti-
tioned into sub-faults. For example, faults related to the
materials used in a coating system can be subdivided into
those related to the coating and those related to the sub-
strate;  substrate faults can be further subdivided into
those associated with surface morphology, surface chem-
istry, and surface contamination. Faults can continue to be
subdivided until a basic fault is reached which is not
further developed for the purpose of analysis. Thus, a basic
fault defines the limit of resolution of the causes of a
failure, and this limit often differs from one failure mode
to another. For example, the limit of resolution for loss-of-
appearance may be at the molecular level, whereas for loss
of protection it is often at the macroscopic level. Guide-
lines for establishing limits of resolution for complex sys-

* The properties of the coating/substrate interface are also important;
however, interfacial property measurements are difficult and time-consum-
ing to make. For this reason, they are not included in the fault tree.

tems have been discussed in Vesely et al. {1981}, Amster et
al. (1982}, and Bro and Levy (1990).

Root faults are linked to a failure mode by a sequence of
degradation steps. The specificity with which these steps
can be described depends on our knowledge of the degrada-
tion mechanisms. When the degradation mechanisms are
known at a fundamental mechanistic level, the linkage
may be made through the degradation kinetics governing
the chemical or physical {fatigue and crack growth) dete-
rioration of the coating system. Our knowledge of the
underlying degradation mechanisms, however, is seldom
so complete. Consequently, the linkage must often be
made empirically through cause-and-effect’ or dose-re-

T An operational definition of causality is as follows (Blum, 1982): A is
said to cause B if over repeated observations {1) A is generally followed by B;
{2) the intensity of A is correlated with the intensity of B; (3) there is no
known third, confounding, variable responsible for the correlation; or (4)
there is a plausible failure mechanism linking A and B.
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sponse relationships. Sometimes a plausible relationship
cannot be identified, in which case the linkage is indicated
by a black box (see Figure 4).

For most commercially important materials {Bogdanoff
and Kozin, 1985}, including organic coatings, the linkage
between the observed failure modes and root faults falls
somewhere between a cause-and-effect relationship and a
black box. Possible exceptions include the cracking of
latex paints (Floyd, 1983), appearance failure modes like
chalking {Vélz et al., 1976; Braun, 1987, 1990; Braun et al.,
1992}, and the photodegradation of clear films (Mielewski
et al., 1991; Bauer, 1993; and Bauer et al., 1984, 1987 a,b,
1991, 1993) where the degradation chemistry appears to be
much better understood. This increased knowledge is re-
flected in the smaller size of the fault trees (see Figure 5).

Graphically, a fault diagram looks like an inverted tree.
It is not surprising, therefore, that this procedure is com-
monly referred to as fault tree analysis (Lambert, 1975;
Vesely et al., 1981; Fussell et al., 1979). In establishing a
fault tree, several key issues need to be addressed, includ-
ing:

(1) Identification and inclusion of the factors respon-
sible for each failure mode;

(2) Establishment of the limits of resolution for each
fault;

{3) Identification of analysis techniques which are ca-
pable of eliminating unimportant faults from the trees or,
conversely, emphasizing faults which are major contribu-
tors to the incidence of a failure. Faults having negligible
effect will, of course, be removed from the tree;

{4) Determination of the relative frequency and im-
portance of different failure modes for a given exposure
environment and establishment of a firmer connection
between the incidence of a failure mode and the underly-
ing causes of the failure (see Vesely et al., 1981).

C. Service Life Data Attributes

The degradation of a coating system over time, and thus
its performance, is usually monitored through changes in
its appearance or protection performance characteristics,
or both. Associated with each performance characteristic
is a maximum or minimum critical value, N, above or
below which the coating system is said to have failed (see
Figure 6) (Gertsbakh and Kordonskiy, 1966; Martin and
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McKnight, 1985). The assigned critical performance value
may differ from one failure mode to another and from one
application to another.

An induction time (denoted by t, in Figure 6} often
exists before which the performance characteristics of a
coating system do not change, but after which at least one
characteristic changes irreversibly. Failure occurs when
one of the coating’s critical performance characteristics
first exceeds (falls below} its critical value, M. Such
failures, which are called out-of-tolerance or drift-type
failures (Shooman, 1968), are common for automobile
tires, batteries, electronic packages, and medical dysfunc-
tions like cataracts. A less common type of failure for
coating systems is a catastrophic or instantaneous fail-
ure in which a coating system undergoes a rapid change
from an unfailed to a failed state. Examples include the
spalling of a coating resulting from the impact of a projec-
tile (Zehnder et al.,, 1992; Ramamurthy et al., 1993), the
etching of a clear coating resulting from acid deposition
(Wolff et al., 1990), and the thermal degradation of chlori-
nated polymers (Davis and Sims, 1983}. The time-to-
failure, 1, of a coating system is the minimum time after
application of the coating until a critical performance
characteristic of the coating system reaches its critical
value (Figure 6).

Sometimes a performance characteristic changes so
slowly that it never exceeds its critical value before the
experiment is terminated. That is, neither the failure nor
the failure time of the panel is observed; the times-to-
failure for these specimens are said to be censored. Cen-
soring can also be caused by damage during handling, loss
in shipment, or removal of a panel from an experiment in
order to destructively analyze the degradation products
(see discussion in Nelson, 1990). Due to the omnipres-
ence of censoring in service life prediction experiments,
it is necessary that any proposed service life prediction
methodology be capable of handling censored data.

When a number of nominally identical coated panels
are placed on exposure at the same time and in the same
environment, it is not uncommon to observe a large vari-
ability in their temporal degradation response. This is true
for coating systems that undergo loss-of-protection fail-
ures (Rothwell, 1969; Hospadaruk et al., 1978; Becka, 1983;
Poole, 1986, 1990; Martin and McKnight, 1985; Galvan,
Feliu, and Morcillo, 1989; Tait et al., 1993 a, b). The
variability in the loss-of-appearance response of nominally
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Figure 6—Schematic representation of changes in a coating
system’s performance characteristic (e.g., blistering) over time

identical coated panels can also be considerable” {Papenroth,
1978; Schutyser and Perera, 1992, 1993; Crewdson, 1993;
and Grossman, 1993).

As an example of the high temporal variability in loss-
of-protection response of nominally identical coated pan-
els (Martin et al., 1990), 24 replicate specimens were im-
mersed in a 5% salt solution for 6000 hr (see Figure 7). In
this experiment, the first panel started to degrade through
cathodic delamination after approximately 1000 hr of im-
mersion, while six of the 30 panels displayed no signs of
degradation after 6000 hr of immersion. Thus, the perfor-
mance of these nominally identical specimens ranged from
a poorly performing (time-to-failure less than 1000 hr) to a
well-performing coating system {time-to-failure greater than
6000 hr). Such large temporal variability in the perfor-
mance of nominally identical coated specimens has been
observed by others (Schutyser and Perera, 1992, 1993; Tait,
1993a, 1993b; and Crewdson, 1993).

When a coating system is placed on exposure, it is
common that a number of performance characteristics
may change simultaneously; for example, performance
characteristics related to loss of protection and appearance
may change simultaneously (Walker, 1974). Each perfor-
mance characteristic, therefore, effectively competes with
the others in causing a coating system to fail (often termed
competing risks) {David and Moeschberger, 1978). The
failure mode which usually “wins out” is called the domi-
nant failure mode for a given exposure environment. The
dominant failure mode may change with a slight change in
the initial properties of a coating or in the intensity of
some of the weathering factors (Rychtera, 1970; Degussa,
1985). For example, the dominant failure mode for a coat-
ing system exposed in a semi-desert environment like
Arizona is often associated with a loss of appearance due
to the high intensity of the spectral ultraviolet radiation.
For the same coating system exposed in Florida, the domi-

* Large variations in the appearance of nominally identical panels
exposed to the same service environment have been reported by Papenroth
{1978) and Fischer et al. (1991b). The sources of this variation were later
ascribed to measurement errors (Braun, 1987) and variations in the expo-
sure conditions (Fischer et al., 1991b), while the contribution of the total
variability from the degradation process was considered to be small.
Schutyser and Perera (1992, 1993) and Crewdson (1993), however, also
observed considerable variability in their loss-of-appearance time-to-fail-
ure data which they did not associate with experimental error.

100 I I | I
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Figure 7—Percent area blisters vs immersion time for 24

coated steel panels with no intentionally induced defects. The

panels were continuously immersed in a 5% NaCl solution.

Six of the 24 panels displayed no degradation after 6000 h of

immersion; data for these panels are not displayed (taken
from Martin et al., 1990)

nant failure mechanism may be associated with a loss of
protection, which is attributable to the long time of wet-
ness associated with a semi-tropical environment.

The high variability in service life data, the presence of
censored times-to-failure, and the effects of competing
risks on the failure of a coating system are common to
many materials, components, and systems (see, for ex-
ample, the citations in Nelson, 1990}. These factors dic-
tate the way data can and must be analyzed. Specifically,
for a set of nominally identical specimens exposed to the
same environment over the same period, the high variabil-
ity in degradation response poses several important ques-
tions, including:

(1} What level of degradation should be designated as
failure? This failure designation essentially defines the
service life of a coating system (see Section IV.A.1.};

(2) How does the accuracy of the estimated service life
of a coating system depend on the number of replicates
placed on test? The number of observed failures? (see
Section IV.A.2.);

(3) Does the interval between successive failures of
nominally identical specimens provide any indication of
the cause of failure or the remaining service life of the
coating system!? (see Section IV.A.1.)

In addition to these issues, the method used in analyz-
ing data should be capable of:

(1) Determining the expected change in the service
life of a coating system resulting from a change in the
surface treatment of the substrate, reformulation of the
coating, or a change in intensity of one or more weathering
factors;

(2) Relating the times-to-failure to the initial proper-
ties of the coating system, the age of the coating, or the
exposure conditions in a verifiable manner;

(3) Reformulating the parameters of the service life
prediction model in terms of the fundamental mechanistic
equations governing degradation.

11



D. Characterization of Weathering Environments

Field environments are difficult to monitor and impos-
sible to control. Moreover, the intensity of the weather-
ing factors (e.g., spectral ultraviolet radiation, relative
humidity, temperature, SO,, NO,, O3, and NaCl) display
high spatial and temporal (diurnal, seasonal, and annual)
variabilities. Extensive analysis of the published weather
data and weathering data has been performed to deter-
mine if individual weather factors cycle over any time
scale. It was concluded from this analysis that none of the
factors comprising the weather exhibit a predictable cy-
clic behavior over any time scale (Kincer, 1933, 1946;
Burroughs, 1992). Thus, one of the main difficulties in
relating laboratory and field results will be in characteriz-
ing the field exposure history in such a manner that this
history can be compared to laboratory-based exposure
histories {Scott, 1983).

At present, conventionally collected meteorological
data have little relevance in predicting the service life of a
coating system exposed outdoors and can not be com-
pared to the data used in characterizing laboratory expo-
sures. For example, the temperature governing the rate of
degradation of a polymeric material is the temperature of
the test specimen and not ambient temperature. Although
it is relatively simple to monitor specimen temperature
in the laboratory, such direct measurements are seldom
practical in the field (an exception to this is the work of
Fischer et al., 1991a). As shown by equation (33) in Sec-
tion IV.B.2. the temperature of a coated specimen is not
directly related to ambient temperature (Saunders et al.,
1990}, the most common variable used in characterizing
temperature in outdoor environments.

The quantitative characterization of in-service environ-
ments raises some critical questions, including:

(1) Can the weathering factors causing the predomi-
nant degradation of a coating system in a specified in-
service environment be isolated from the factors which
have only a secondary effect?

(2) Is the average intensity of each weathering factor
sufficient for characterizing the severity of an in-service
environment, or will a more precise knowledge of each of
these factors be necessary? {See Section IV.B.2.)

(3) Can the value of the weathering factor be con-
verted into some common metric of degradation [e.g., total
dosage; (see equation (34})] which is the same for both
laboratory and field studies? {see Section IV.B.2.]

E. Storage, Retrieval, and Analysis of Data

During manufacturing and pretesting, coating manu-
facturers routinely collect and store large amounts of in-
formation about a coating. Similarly, many coating end-
users require that candidate coatings be independently
assessed under conditions approximating in-service condi-
tions. As discussed in Section ILB., formulation, process-
ing, and application variables often affect the service life of
a coating system and, therefore, this information should
be available for refining the service life estimates for a
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coating system. This data would be most accessible if it
were stored in an electronic format (Rumble and Carpen-
ter, 1992).

Computerized databases have enjoyed widespread ac-
ceptance in the chemical {Buchanan and Mitchell, 1978;
Langley et al., 1987), medical (Wiederhold, 1981; Blum,
1982; Kissman and Wexler, 1985), and aerospace (Whittaker
and Besumer, 1969) industries. Also, the development of
computerized databases has been identified by Ambler
(1985} and others as a national economic priority. Com-
puterized databases quickly become the repository for the
collective institutional knowledge about complex systems.
This knowledge can be queried to discover interrelation-
ships among variables (Glymour et al., 1987; Piatetsky-
Shapiro and Frawley, 1991) and thus, databases eventually
become inexpensive adjuncts to physical experimentation.

If the full potential of computerized coating databases
is to be achieved, however, several key issues must be
addressed, including:

(1) Standardization of the terminology used in describ-
ing coatings, substrates, and defects;

[2) Selection and standardization of variables for de-
scribing a coating system;

{3) Identification of reliable methods for quantifying
the degradation of a coating system which will facilitate
comparisons between results from different methods;

{4) Development of a strategy for ensuring the accu-
racy of stored data (Herring, 1992}; and

(5) Storage of data in a format which is easily trans-
portable—that is, a format which is not inextricably linked
to any one computer software/hardware system (Rumble
and Smith, 1990).

F. Criteria for Judging the Adequacy of Any
Proposed Service Life Prediction Methodology

Based on the discussion about the attributes of the
service life prediction problem common to most materi-
als, components, and systems, a set of criteria is proposed
for assessing the attributes of any proposed or existing
service life prediction methodology. These criteria include
the ability to:

{1) Handle large variability in the times-to-failure for
nominally identical specimens {Section H.C.);

{2) Analyze multivariate data {Section II.B.);

{3) Discriminate among these variables. That is, the
service life prediction methodology should be able to sepa-
rate the few significant variables from the many insignifi-
cant variables (Sections ILB. and ILE.);

{4} Fit both empirical and mechanistic failure models to
short-term laboratory-based exposure results {Section II. C.);

(5) Establish a connection between short-term labora-
tory-based and long-term in-service results (Sections II.C.
and I.D.);

(6] Provide mathematical techniques to predict the
service life of a coating system exposed in its intended in-
service environment (Sections II.C. and IL.D.).



. CURRENT DURABILITY METHODOLOGY

The current durability methodology started up in the
early 1900s with the construction of several outdoor expo-
sure sites (Gardner, 1911) and the development of crude
(by today’s standards] weathering devices based on mer-
cury-arc and carbon-arc light sources (Muckenfuss, 1913;
Capp, 1914; Nelson, 1922; Nelson and Schmutz, 1926).
Since that time, many technical advances have occurred in
monitoring and controlling laboratory-based aging experi-
ments and in monitoring outdoor environments. These
improvements, however, have not removed the industry’s
distrust of laboratory-based aging tests or lessened its de-
pendence on outdoor exposure tests. The question arises,
therefore, whether it would be possible to change the
situation by improving the predictive capabilities of the
current durability methodology or replacing it with a dif-
ferent methodology, such as, for example, one based on
reliability theory.

A. Description of Methodology

The current durability methodology was designed to
compare the performance of duplicate sets of coating sys-
tems, one being exposed in a laboratory and the other in its
intended in-service environment, by designing a labora-
tory-based exposure experiment which simulates in-ser-
vice environments (Nelson, 1922). Thus, this methodol-
ogy mainly utilizes data obtained from short-term labora-
tory and long-term in-service experiments and neglects
fundamental mechanistic studies.

The experimental protocol for this methodology is as
follows. Two panels from each of m different coating sys-
tems are prepared. One panel is randomly assigned to the
laboratory-based aging experiment, while the other is as-
signed to the outdoor exposure experiment. The two sets
of panels are then exposed in their respective service envi-
ronments. After a specified period of time, the panels in
both environments are ranked by performance. The two
rankings are then correlated through a non-parametric
statistic like the Spearman Rank correlation coefficient
(Epple, 1968; Mitton and Richards, 1971; Grossman, 1977;
Fischer, 1984). If the correlation coefficient is high (e.g.,
greater than 0.90), it is concluded that the proposed labora-
tory-based aging experiment successfully simulates field
environments. Otherwise, the laboratory-based experiment
is judged to be deficient. In addition to a correlation coeffi-
cient, an attempt is often made to provide a quasi-quanti-
tative estimate of the service life for new coating systems
through the incorporation of one or more control coatings
into the laboratory and outdoor exposure panel sets
(Appleman, 1989b). The service lives of these control coat-
ings are then used as reference points through which the
service life of a coating system can be approximated.

Over the years, a number of promising laboratory-based
experimental procedures have been developed in which, at
least initially, a high correlation has been claimed for
relating laboratory and field results. None of these proce-
dures, however, has consistently produced a high correla-
tion with long-term outdoor exposure results (Reinhart,
1958; Nowacki, 1962; Kamal, 1966; Quackenbos and
Samuels, 1967; Hoffmann and Saracz, 1971; Alumbaugh
and Hearst, 1975; Ellinger, 1977; Campbell et al., 1981;
Lindberg, 1982; Leidheiser, 1982; Yaseen and Raju, 1984,
Chandler and Bayliss, 1985; Funke et al., 1986; Cutrone
and Moulton, 1987; Simms, 1987; Masters, 1987; Wicks,

1988; Skerry et al., 1988; Himics and Pineiro, 1992). Fail-
ure to produce a high correlation has usually been assigned
to deficiencies in laboratory-based aging experiments and,
in particular, the inability to design a laboratory-based
experiment containing a “balance of exposure conditions”
(Stieg, 1966; Ellinger, 1977; Skerry et al., 1988). However,
in light of continued failures, the question must be asked
whether the current durability methodology has inherent
limitations.

B. Underlying Premises

The validity of a methodology hinges on the validity of
the underlying premises. The premises of the current meth-
odology appear to be as follows:

The performance of a coating system can
be assessed using one, or at most three,
replicates;

The results from an outdoor exposure
experiment are the de facto standard of
performance with which the results from
any laboratory-based experiment must
correlate; and

The results from one laboratory-based
experiment should correlate with the re-
sults from any outdoor exposure experi-
ment.

PrEMISE 1:

PREMISE 2:

Premiske 3:

Now let us examine these premises. Premise 1 fails to
take into account the high variability in protection pro-
vided by nominally identical specimens exposed at the
same time to the same environment (see Section II.C. and
Figure 7). The current practice could, of course, be modi-
fied to include more replicates. But, the late recognition
of this need places into doubt the validity and usefulness
of any existing databases for making inferences about the
performance of a coating system (see Section IV.B.5.). The
high variability in the degradation response of nominally
identical coated panels also challenges the notion that
“control coatings” exist. Control coatings should provide
“consistent and reproducible properties in standardized
tests”” (Appleman, 1989b). However, the coating is only
one component of a coating system and may or may not
be the most important component controlling its service
life. Of equal, and sometimes greater, importance are the
presence of defects in the coating (Gowers and Scantlebury,
1987; Martin et al.,, 1990), the physical and chemical
properties of the substrate {Coduti, 1980; Maeda, 1983;
Groseclose et al., 1984; Drisko et al.,, 1985; Reinhard,
1987; Perfetti, 1991}, the properties of the coating/sub-
strate interface, and variables associated with the manu-
facturing, processing, and application of the coating. Most
of these variables are neither controlled nor controllable.
Thus, it seems presumptuous to believe that “control
coatings” exist.

Premises 2 and 3 are highly interdependent and, thus,
will be considered together. Both premises are necessary to
the validity of the current methodology. If either premise
can be challenged, then the technical soundness of the
current practice is placed in doubt. Their validity can be

* Although the use of a control coating has been proposed by many
researchers, the authors could not find any published results supporting the
existence of a coating which is capable of providing reproducible results.
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tested by examining the reproducibility of outdoor expo-

sure results and the reproducibility of the weather and
" Haparanda individual components of the weather.
(Sweden) A few papers have been published in which the repro-
‘ ducibility of outdoor exposure results has been investi-

17 T
16

15

14 A gated. From these studies, it is known that the observed
Helsinski failure mode for nominally identical specimens often

181 (Finland) changes from one environment to another (Scott, 1983}

17 and that the rankings of outdoor exposure results do not
16 agree for coated specimens exposed (1) at the same site and

L at the same time of year, but in different years (Rosendahl,
N vk 1976); (2] at the same site, but at different times of the
131 y same year (Greathouse and Wessel, 1954; Morse, 1964;

12 (tceland) Singleton et al., 1965; Stieg, 1966; Grinsfelder, 1967; Rosato,
P A A S 1968; Mitton and Richards, 1971; Steig, 1975; Rosendahl,
ooF Paris 1976; Gaines et al.,, 1977; Scott, 1977; Ellinger, 1977;
19 (France) Lindberg, 1982); (3) at the same site, same year, and the
same time of year, but for different durations (Hoffmann
18 and Saracz, 1969b); and (4) at different sites, but at the
17—t same time of the same year (Block, 1957; Morse, 1964;
°C o Egedesminde Singleton et al., 1965; Epple, 1968; Kamal, 1966; Stieg,
8 (W. Germany) 1966; Hoffmann and Saracz, 1969a, 1969b, 1971, 1972;
. Oakley, 1971; Gaines et al., 1977; Scott, 1983; Fischer,
1984). In fact, no study was found claiming that outdoor

6 exposure results are reproducible.
5 —+————————t+—+ Based on laboratory studies (Martin and McKnight,
- Winnipeg 1985; Schutyser and Perera, 1992, 1993), the rate of degra-
2 7\ (Canada) dation of a coating system clearly depends on the inten-
20 sity of each of the weathering factors comprising an expo-
19 sure environment. The reproducibility of outdoor expo-
1L sure results, therefore, depends on the reproducibility of

o the weather.

L Time series for three weathering factors—total UV ra-
271 North Platte diation dosage’ (Goldberg, 1986; Berger, 1987; Correll et
o6k (US.A) al., 1992; Kerr and McElroy, 1993), temperature {Labrijn,

1945; Mitchell, 1963; Oliver, 1976; Wallén, 1984; Gibbs
and Martin, 1989; Hileman, 1992), and precipitation (Kincer,
1946)—are displayed in Figures 8, 9, and 10, respectively.
Times series for other weathering factors [e.g., time-of-
wetness (Grossman, 1978; Sereda et al., 1982; and
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Figure 9—Time series of five-consecutive-year mean "luw absorption, and spectral quantum yield integrated over the range of pho-
temperatures at seven northern hemisphere weathering tolytically effective wavelengths and the duration of the exposure. Math-
stations from 1880 to 1980 (taken from Wallen, 1984) ematically, it is defined by equation (34).
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Mannsfeld, 1982, 1988), atmospheric halocarbons
(Hileman, 1992}, and acid deposition species {e.g., NOy,
SO, NH,*, Ca**, and H*) (Bilonick and Nichols, 1983;
Correll et al., 1984; Likens et al., 1984; Correll, et al,
1987; Studt, 1991; Jordan et al., 1995) have been pub-
lished, but the lengths of these time series are too short to
establish if trends exist in the data.

Spectral ultraviolet radiation is the dominant weather-
ing factor in loss-of-appearance failure modes and may
contribute to the loss of protection of some coating sys-
tems. Since 1975, spectral solar UV radiation has been
monitored by the Smithsonian Institution (Klein and
Goldberg, 1978) at four locations (Rockville, MD; Mauna
Loa, HI; Barrow, AK; and Panama City, Panama). Correll et
al. (1992) recently published the data from the Rockville,
MD site (Figure 8) in which they observed that total UV-B
radiation dosage (see footnote on previous page} increased
35% from 1978 to 1985, and that in 1990, it dropped
precipitously by 30%, perhaps as a result of increased
sunspot and volcanic activity. Similar behavior has been
observed by Berger (1987) and McKenzie et al. (1991).

Wallén (1984) tracked changes in the consecutive five-
year smoothed average of the July temperatures from 1880
to 1980 at seven weathering stations in the northern hemi-
sphere’ (see Figure 9). Note that in the North Platte (the
Great Plains of the United States), the smoothed average
July temperature was at a maximum during the 1930s, the
“dust bowl” years. Figure 10 depicts deviations from glo-
bal average for consecutive five-year average temperature
and precipitation data for the Great Plains of the United
States. From Figure 10, an increase in the mean tempera-
ture relative to the global average temperature was accom-

* For material degradation purposes, the consecutive five-year smoothed
average temperature is 2 relatively insensitive measure of temperature
change at an exposure site. Time series of the daily maximum temperature
or hourly temperatures would be more useful. Figure 10 supports the
premise, however, that the temperature at an exposure site does not display
random behavior about a constant mean and that the temperature from year
to year is unpredictable.

IV. RELIABILITY-BASED METHODOLOGY

The reliability-based methodology is of relatively re-
cent origin,” dating back to the early 1950s. The need for
such a methodology was driven by the high incidence of
equipment failures experienced by the military during
World War II (Shooman, 1968; Lawless, 1983). Its rapid
growth and acceptance had to wait until the 1960s, after
its successful application in the Minuteman Missile Pro-
gram (Nalos and Schultz, 1965} and in programs to im-
prove the airworthiness of military and commercial air-

* In medical and actuarial communities, reliability theory is
often called survival analysis. For all practical purposes, the two
techniques are identical. Survival analysis publications, however,
date back to the early 1800s. The popularization and increased use
of survival analysis have often been attributed to the successful
application of reliability theory in improving the service lives of
military equipment following World War I {Miller, 1981).

panied by a decrease in the mean precipitation relative to
the global average precipitation and this, in turn, could
correspond to an increase in the total UV-B radiation dos-
age, since there were probably fewer cloudy days. Thus, at
least in the Great Plains, it is possible that the degradation
mode for coatings could have shifted from loss of protec-
tion during the high precipitation years of 1910 to a loss of
appearance during the 1930s.

It is obvious from Figures 8, 9, and 10 that the principal
weathering factors are not reproducible from year to year.
Moreover, Burroughs {1992 analyzed many data sets on all
sorts of weather-related phenomena which have been col-
lected over the last couple of centuries and concluded that
the weather is an enormously complicated physical sys-
tem which does not display any cyclic patterns over any
time scale. That is, there is no such thing as an “average
Florida year.”

C. Assessment of Current Durability Methodology

Attempts at refining the current durability methodol-
ogy have been made over the last 80 years without any
significant improvement in its predictive capability. This
lack of improvement has usually been blamed on deficien-
cies in laboratory-based aging tests. The blame seems to be
more appropriately assigned to the neglect of the inherent
high variability in the times-to-failure of nominally identi-
cal coated panels exposed to the same service environ-
ment, the inability to design a laboratory-based experi-
ment which can simulate all service environments, and
the lack of reproducibility of the weather over any time
scale. This leads to Grinsfelder’s (1967) lament: “How can
one ever expect a laboratory method to duplicate the
weather when the weather can never duplicate itself?”

Assessing the current durability methodology against
the proposed criteria (see Section ILF.) is not entirely fair,
since this methodology was not designed to satisfy these
criteria. Instead, it was designed to make comparisons
between the results of laboratory and field exposures.

craft (Whittaker and Besumer, 1969; Birnbaum, 1983). Since
that time, reliability theory has been successfully applied
to many materials, components, and systems, including
metals, plastics, adhesives, lubricants, electronics, batter-
ies, and bearings (see Nelson, 1990). Presently, advances in
reliability theory are published in at least 14 monthly
journals, hundreds of books, and numerous conference
proceedings.

A. Reliability Theory and Life Testing Analyses

In this section, the mathematical basis of a reliability-
based service life prediction methodology is presented.
Specifically, in Section IV.A.1., some basic reliability con-
cepts are introduced. In Section IV.A.2., the simplest reli-
ability testing program is discussed, the case in which

15



coated panels are exposed to a single environment and,
after any exposure time t, the coated panels are classified
as either having failed or survived. In Section IV.A.3.
through IV.A.6., increasingly complex cases are consid-
ered. In Section IV.A.3., the analysis is generalized to
include multiple failure modes. In Section IV.A 4., the life
distribution models are extended to include the effects of
explanatory variables. In Section IV.A.5., life-stress analy-
ses are introduced in which the intensity of one or more
weathering factors is systematically changed over its ex-
pected range, and in Section IV.A.6., models for connect-
ing laboratory and field results are discussed. Finally, in
Section IV.B., changes in the experimental protocols re-
quired to implement a successful reliability-based meth-
odology are presented.

1. Basic CONCEPTS:

a. Time-to-Failure for a Single Failure Mode—
When a coated panel is exposed in an adverse environment
{e.g., in Miami, FL, or in a salt fog cabinet), one or more of
its performance characteristics will eventually begin to
degrade toward a less desirable state. Changes in a perfor-
mance characteristic over time can be represented by some
function, n(t), which has been termed a sample function
(Doob, 1953; Gertsbakh and Kordonskiy, 1966; Bogdanoft
and Kozin, 1985).
In the simplest case, the sample function, n(t), changes
linearly with time

nft)=a+ bt (1)
where

n(t) is the value of the performance characteristic at
time t;

a is the initial state of degradation;

b is the rate of degradation;

t  is the time of exposure;

and, if there are multiple, supposedly identical, specimens,
the values of a and b often vary stochastically from speci-
men to specimen. That is, a and b are random variables
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Figure 11—Sample function for the radial growth of a cathodic
blister for an unscribed, alkyd-coated steel panel continuously
immersed in a 3.5% NaCl solution (Martin et al., 1990)
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across the population of specimens. Thus, if a specimen
were to be randomly selected from the specimen popula-
tion, we would express its degradation function, X(t), as

X(t)=A+ Bt fort > 0, (2}

where A, the initial state, is a random variable, the distri-
bution of which must be estimated from the values of the
initial states of the specimens placed on test. B, the degra-
dation rate, is also a random variable, the distribution of
which must be estimated from the corresponding mea-
surements made on the random sample. Thus, given a
failure criterion Ner, the distribution of times-to-failure,
say Ty, can be determined mathematically by using prob-
ability theory and the empirical knowledge of the distribu-
tions of A and B as

Tf Mezit — A [3]
B
Linear sample functions (see Figure 11} appear to be
reasonable for modeling temporal changes in a wide range
of performance characteristics, including: changes in the
percent area blistered {Martin et al., 1990); chalking {Daiger
and Madson, 1967); corrosion protection loss (Galvan et
al., 1989; Martin et al., 1989); UV stability (Gerlock et al.,
1985; Bauer et al., 1987b); color retention (Johnston-Feller,
1977, 1986); loss of coating mass (Lindberg, 1975); and
gloss loss (Ellinger, 1977; Lindberg, 1982; Braun, 1990).
Non-linear sample functions appear to provide a better fit
to changes in a coating’s polarization resistance (Skerry et
al., 1988}, gloss loss (Tahan et al., 1975; Simms, 1987}, and
changes in wet-adhesion strength (Leidheiser and Funke,
1987).

b. Life Distributions—Due to the high variability
in the observed times-to-failure of nominally identical
coated panels exposed to the same service environment, it
is common to expose simultaneously n nominally identi-
cal panels in the same service environment. For each panel,
changes are observed in a performance characteristic, a
sample function is fitted to the temporal data, and the
time-to-failure for the panel computed given a failure cri-
terion. This is demonstrated in Figure 12a for a set of 23
scribed panels; all were simultaneously exposed to the
same service environment. The panels degraded through
cathodic delamination in which the coating became
disbonded from the substrate. The failure criterion was set
at 20% and all 23 panels exceeded this failure criterion by
the time the experiment was terminated {Martin et al,,
1989).

It is seldom practical or beneficial to wait for all of the
coated panels to fail. Instead, it is common to terminate
the life test at a prespecified time or after the r-th failure,”
where r < n. Since all of the specimens were placed on test
at the same time, it follows that the observed times-to-
failure are ordered: the smallest of the n times-to-failure is
observed first, the next-smallest time-to-failure is observed
next, etc. If the test is terminated after the r-th failure but
before the {r + 1) failure, the remaining (n - r) failure times
are only known to be greater than the termination time;
they are said to be censored. That is,

* Censoring and the existence of censored data are inherent in life testing.
Censoring can significantly reduce the duration of a life test {(and, hence, save
money and time]. Censoring also provides important information about the
early failure characteristics of a life distribution {Schafft et al., 1988; Lechner,
1991). There are many types of censoring besides stopping a life test after a
prespecified exposure time or after a prespecified number of failures. For a
more complete discussion, the reader is referred to Nelson (1990).
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where t; is the i-th observed time-to-failure and the times-
to-failure for the remaining panels, being larger than the
time the test is terminated, are not observed; these failure
times are said to be censored.

From these ordered times-to-failure and an appropriate
assumption about the family of life distributions, a sample
life distribution of the times-to-failure, F(t), can be created
and fitted with a theoretical life distribution, F(t), such
that

F(t) = P(T <t) (5)

where

T is the failure time for a randomly chosen panel;

P{-) is the probability of the event within the parenthe-
ses; and

F(t) is the fitted theoretical life distribution (also called
a cumulative distribution function).

The sample and theoretical life distributions for the previ-
ously discussed 23 scribed and continuously immersed
panels are shown in Figure 12b.

The complement of the probability of failure of a coated
product by time t (equation (5)) is the probability of sur-
vival beyond time t. This probability is the reliability, Rt),
of a coating system, and is mathematically defined as

R(t)=P(T>t)=1- F(t). (6)

The derivative of the life distribution with respect to time
is called the probability density function, f(t}; that is

_ dF(t) (7)
flt) 7
where f{t} satisfies the following conditions:
f(t) 20 for all ¢, (8)
J' Fe)di=1 (9)

and for any a, b, with 0 < a < b <o,

p(angb):_r}(u dr (10)

Akin to the concept of a life distribution is the concept
of a hazard rate, h(t). Mathematically, the hazard rate is
defined as the limiting value of the probability that a
device will fail in the next small time interval, given that
it has survived up to the start of the interval, divided by
the interval length; and mathematically, it is defined by

_ lim P(TSt+h|T>t)_ f(l) 11
BlEaas B gy

and it is related to reliability, R|t), through

R(t) = exp (—f;h{s) ds). (12}

Practically, the hazard rate provides important infor-
mation on the way a product ages, its proneness to failure
(Bergman, 1985), its remaining service life, and possible
causes of a coating system’s failure. Examples of different
hazard rates (Bergman, 1985) include:

(1) A decreasing hazard rate (DHR), which occurs
whenever the product appears to improve with age {that is,
“old is better than new”). A decreasing hazard rate is often
associated with the presence of flaws or defects in an
applied coating, causing its premature failure (let’s say
within the first two years). In the reliability literature,
such failures are often termed infant mortality, crib deaths,
or freak failures. Strategies for eliminating, or at least
reducing, the effect of premature failures have been exten-
sively studied by Jensen and Petersen (1982) and Saunders
(1983a). Examples of failure modes which may exhibit a
decreasing hazard rate include alkyd leaching, surfactant
leaching, edge swell, acid etching, and some forms of blis-
tering.

(2) A constant hazard rate, which occurs whenever
the probability of failure of a product in the immediate
future, given survival to the present, remains constant
(that is, “old is as good as new,” or equivalently, “the
product does not age”). Examples of failure modes which
may exhibit a constant hazard rate include spalling, blis-
tering, and frosting.

{3) An increasing hazard rate (IHR), which occurs
whenever the probability of failure of a product in the
immediate future, given survival to the present, increases
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{that is, “new is better than old”). Thus, an increasing
hazard rate is indicative of a product which is aging, or
wearing out, in which the chances of failure increase with
age. Examples of failure modes which may exhibit an
increasing hazard rate include corrosion, chalking, color
retention, cracking, and mildew.

(4) A “bathtub shaped” hazard rate curve results from
a mixture of the previously discussed failure modes (see
Figure 13). The classical example of a bathtub-shaped haz-
ard rate curve is exemplified by human mortality, in which
the hazard rate decreases early in life, stays constant dur-
ing the middle of life, and increases late in life.

The theoretical life distributions which have been most
studied for analyzing service life data include the exponen-
tial, Weibull, lognormal, Gumbel, gamma, and generalized
gamma distributions. Less studied distributions include
the inverse Gaussian and Birnbaum-Saunders distributions,
both of which have strong foundations in the fundamental
mechanism of materials degradation. The statistical prop-
erties of these distributions have been reviewed in a num-
ber of textbooks, including those by Mann et al. {1975),
Lawless (1982}, and Nelson (1990).

Of these distributions, the Weibull distribution has
clearly emerged as the most widely studied and applied life
distribution in the reliability literature (Mann et al., 1975;
Lawless, 1982; Abernethy et al., 1983), and it has found
some application in coatings research (Hill, 1975; Martin
et al, 1985; Martin et al., 1989; Schutyser and Perera,
1992; Crewdson, 1993). For this reason, the Weibull distri-
bution was selected to demonstrate the previously dis-
cussed concepts.

The Weibull life distribution has the form

Fﬁ):J—ema[—p%f] fort=0 (13]

where o, B > 0 are, respectively, shape and scale param-
eters. The Weibull reliability function is given as

R(t)=1- F(t) (14}

while its probability density function is given by

f(n%&j(ﬂ' exp [— [g)} (15)

Corrosion
o Chalking
Blistering Dirt Retention
Alkyd Leaching Color Loss
Surfactant Leaching Cracking

Edge Swell Mildew

Hazard Rate, h (t)

Blistering
Frosting

Time
Figure 13—Bathtub-shaped hazard rate curve such as is com-

mon for architectural coatings. The common failure modes which
contribute to the slope of the curve are identified
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The hazard rate for the Weibull distribution is found by
dividing equation (15} by equation {14) and is given by

B(t)=|& ) (16)
‘ ”‘[E][E] :

Note that the Weibull hazard rate function is capable of
modeling all three kinds of hazard rate functions. That is,
when the shape parameter has a value less than one (that
is, o<1}, the hazard rate function for the Weibull distribu-
tion is decreasing. When the shape parameter value equals
one, o = 1, the hazard rate function for the Weibull distri-
bution is constant. And, finally, when the shape param-
eter value is greater than one, o > 1, the hazard rate
function for the Weibull distribution is increasing.

c. Service Life Estimates for a Coating System—The
median time-to-failure of a coating system has very little
practical significance in most coating applications other
than to inform the manufacturer that approximately 50%
of the coated products will fail before this time. Few
coating manufacturers or original equipment manufac-
turers could possibly sustain the high costs, both mon-
etary and in loss of goodwill, associated with the failure
of 50% of their coated products, particularly if the first
failures occur decades in time before the median time-to-
failure. Instead, the time of more practical significance to
a manufacturer is the time at which some small percent-
age (often much less than one percent] of the coated
products fail. Reliability analysis was specifically designed
to provide estimates of these early times, called quantiles,
and to make inferences about these estimates.

Assume that sample data is available from testing
already completed under a prescribed set of conditions.
The recorded times of observed failure are t,,...,t, while
the run-outs or right censored times (the times recorded
when observation ceases even though failure has not yet
occurred) are ty,1,...,t,. Using established statistical tools,
like maximum likelihood estimators (Mann et al., 1975;
Saunders, 1982; Saunders and Myhre, 1983; Nelson, 1990},
estimates of the Weibull parameters, o and B, labelled g
and § can be readily computed from the observed time-
to-failure and censored data. (Maximum likelihood esti-
mates are the values of the parameters which, if true,
would have made the observed data-set most likely.) These
estimated values are statistics since they are computed
from the data. (Hence, they are subject to error and pos-
sible bias, and they can be no better than the data itself;
unreliable data will always yield unreliable estimates.|

Once the estimates of the Weibull distribution param-
eters are known, one can compute an estimate of the
reliability, R(t), namely,

Ii(t):exp [—(t/ﬁ}‘i] fort>0. {17)

If the largest allowable fraction of failures in service,
because of warranty costs, is 8, then the associated reliable
life at level 8, say t,, would be defined, if the true param-
eter values were known, as t; = R (1 - 8}. Accordingly, we
can calculate the best statistical estimate of the reliable
life at level 8 as

i1 =R7(1-6)=BIn(1-5)° (18)

It, too, is a statistic, and subject to sampling error since it
is a function of the estimates which are themselves func-
tions of the sample.



When the allowable fraction of failures is extremely
low, and inspection to detect failures in service is diffi-
cult, it is often the practice to provide an extra level of
assurance and to set a safe life, t,, of confidence (1 - ),
where y « 1. {This is a statistical tolerance bound.} One
wishes to find t, such that

P[R(ty) > 1-8] = P [B[-In(1-§)] " > )= 1.y~ (19)

Because no simple way has been found to calculate
such a t,, simulation (Monte Carlo) methods must be used
in conjunction with pseudo-random samples to compute
the percentiles of the distribution. However, this is not
always possible since required information about the cause
of censoring is sometimes lacking.

A schematic representation of these two concepts is
shown in Figure 14. Assuming that the life distribution is
a two-parameter Weibull distribution, then the procedure
for finding the reliable and safe lives for a coating system is
as follows:

(1) Estimate the Weibull shape, ¢, and scale, B, param-
eters from either laboratory or field experimental data
(methods for estimating parameters are discussed in Mann
et al., 1975; and Nelson, 1990).

{2) Using these estimates, construct a point estimate
of the Weibull distribution and compute, for a specified
value of §, the reliable life, t;, for the coating system.

(3) Construct a lower v confidence bound (often called
a tolerance bound| for t,; (also called a tolerance bound for
the Weibull distribution), which gives an estimate of the
safe life for the coating system population.

Despite the mathematical complexity of these proce-
dures, such a reliability plan has found widespread accep-
tance in many industries (see, for example, Whittaker and
Besumer, 1969; Murray, 1993) and has direct application in
predicting the service life of coating systems.

2. ESTIMATION OF THE PARAMETERS OF A LiFE DISTRIBUTION
FOR A COATING SYSTEM FAILING BY A SINGLE FAILURE MoDE: The
simplest reliability-based experiment is one in which a
sample of n panels is randomly selected from a coating
system papulation, exposed in a well-characterized service
environment, and the first r out of n times-to-failure {t; < t,
<...£ t, where r < n} observed. In this experiment, no
attempt is made to differentiate among failure modes,
establish the cause of failure, or quantify the exposure
environment. Such an experiment is capable of determin-
ing the variability in the times-to-failure and in determin-
ing if the performance of one coating system is signifi-
cantly better than the performance of any of the other
coating systems on test. This kind of experiment, how-
ever, is not capable (unless the sample is inordinately
large) of determining the relative frequency of different
failure modes, establishing cause-and-effect relationships
between the properties of the coating system and the
incidence of failure, or establishing a connection between
laboratory and field exposure results. Thus, with the ex-
ception of specimen replication, this experimental design
is very close to the one used in the current durability
methodology. Our interest, therefore, is to gain a better
appreciation of the value of replication. Specifically, how
does one estimate the parameters of the life distribution,
place confidence bounds on these estimates, perform hy-
pothesis tests, and determine the effects of different sample
sizes on these estimates?

Parametric estimators, 9, for a life distribution can be
computed from the observed times-to-failure in a variety
of ways. These estimators can be computed from either

censored or uncensored data using maximum likelihood
estimation procedures which are versatile and have many
desirable asymptotic statistical properties {(Mann et al.,
1975; Saunders, 1982; Saunders and Myhre, 1983; Nelson,
1990).

Since the parametric estimators for a life distribution
are random variables, it is important to provide confidence
bounds around these estimators. Confidence bounds are
often derived through the use of pivotal quantities. A
pivotal quantity, Q, is a function of the sample observa-
tions and the parameters of the life distribution to be
estimated, and it has a distribution which is independent
of the true parameters of the life distribution. As an ex-
ample, pivotal quantities for the normal distribution are
the chi-square, [(n-1)s2/62], and the t-variate, {x-u)/(s/Vn).
Confidence intervals for a pivotal quantity are given by

Plgi<Q<q)=¢ (20)

where q; and q, are the lower and upper confidence bounds
and & is the confidence coefficient.

The pivotal quantities for the Weibull distribution (Bain,
1978) are

when B is known ' (21}

QIR

] when o is known (22)

VS
=™

[%] when neither o nor p are known (23)

and these pivotal quantities are valid for both censored and
uncensored samples (Saunders, 1976). For certain sample
sizes and at specified quantiles, confidence bounds can be
found for small sample sizes by referring to the appropriate
tables (Thoman et al., 1970; Mann et al., 1975) or through
Monte Carlo techniques (Lawless, 1982).

Tests of hypothesis are used in determining if the life
distributions for two or more coating systems are signifi-
cantly different. Such comparisons are of interest, for ex-
ample, in determining whether the service life of a re-

1 - Reliability

Estimated
Weibull Time-to-Failure
Distribution

Probability of Failure,
F

A 4

Time

Figure 14—Schematic representation of proposed reliability plan

depicting the Weibull life distribution and a lower tolerance

bound for this distribution. t, and t_ are the reliable life and the

safe life, respectively, and § is the fraction of specimens that are
permitted to fail
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formulated coating system is significantly greater than the
original formulation, whether one exposure environment
is more severe than another, or whether the cleanness of a
substrate has a significant effect on a coating system’s
service life. Assume, for example, that the first r ordered
times-to-failure for a sample of n specimens of coating
system X, where r <n, are given by X,,... X, and the first s
ordered times-to-failure from a sample of m specimens of
coating system Y, where s < m, are given by Y,...,Y,, and
assume further that the times-to-failure from both coating
systems have the same distributional form, e.g., the Weibull
distribution, but have different parametric values. Thus,
the life distribution for coating system X is given by F(t;
8,), while the life distribution for coating system Y is given
by Fy(t;8y). One key question which may be asked is
whether the two coating systems have significantly differ-
ent life distributions (or life distributional parameters)
given the sample sizes, the number of observed failures,
and the associated risks of making incorrect decisions.
That is, can the null hypothesis, H,, be rejected in favor of
the alternative hypothesis, H;, where

H[)v' Fx(t; 9)() = Fy(t,eY} or 9x = Gy (24)

Hl-' Fx(ti 9)() # PY(t;eY) or gx z Gy

Methods for performing hypothesis tests are discussed in
Mann et al. {1975), Lawless (1982), and Nelson (1990).
Our confidence in the accuracy of the parametric esti-
mators, the size of our confidence bounds on the com-
puted reliable life, and our ability to discriminate among
the service lives of different coating systems clearly de-
pend on the size of our samples and the number of ob-
served failures. Thus, it is important to assess the effects
of different sample sizes on these statistics. The effects of
different sample sizes and degrees of censoring can be
determined through the pivotal quantities, equations {21-
23). In the limit, the expected value of equations (21-23) is
one. The expected loss, a criterion for evaluating the good-
ness of an estimator (Mann et al., 1975), for complete or
censored samples, is the square of the expected value {of
the pivotal quantity minus its sample value). For example,
in the case of equation (22), the expected loss is given by

EXPECTED LOSS = E(1-2)? (25}
[94

which has been computed for uncensored samples by
Whittaker and Besumer (1969). This expected loss func-
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Expected Loss of (/&) = E (1 - o/6)? _|

Expected Loss of (o/6)
o
[
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Figure 15—A measure of the sampling error for complete samples
for the Weibull shape parameter as a function of sample size
(adapted from Whittaker and Besumer, 1969)
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tion is plotted in Figure 15. Whittaker and Besumer also
determined the effect of different sample sizes for the
other two Weibull pivotal quantities. From Figure 15, it
can be concluded that even for sample sizes as small as
ten, maximum likelihood estimates provide good approxi-
mations to the true parameters. Ideally, a sample size of
between 20 and 30 uncensored times-to-failure would be
obtained, but in practice, such experiments are rare. The
researcher is often constrained to smaller sample sizes and
censored data. Nonetheless, it must be emphasized that
reliability analysis is essential for assessing whether two
coating systems have significantly different service lives.

3. ESTIMATION OF THE PARAMETERS OF A LiFE DISTRIBUTION
IN THE PRESENCE oF CoMPETING FAILURE MODES: A coating
system seldom fails through only one failure mode. In-
stead, several independent [sometimes dependent) failure
modes and mechanisms act simultaneously. For example,
it is common for changes to occur simultaneously in both
loss of appearance and loss of protection for coating sys-
tems exposed outdoors. A coating system is said to fail
whenever the first critical performance value is exceeded.
The competing failure modes and mechanisms are called
competing risks or competing causes of failure.

Mathematically, the competing failure modes problem
is stated as follows (David and Moeschberger, 1978). Let C;
{i=1,2,... k) be the i-th cause of failure or failure mode and
let Y; be the random time-to-failure for a coated panel if
only the i-th failure mode was operating. Then, in the
presence of all k competing causes of failure, the observed
time to failure will be associated with that cause having
the smallest time-to-failure, T; this is, the observed time-
to-failure is given by

T = min (YI, Yo,..., Yk) (26)

where
Y, is the time-to-failure from the i-th cause of failure
and
T is the time-to-failure of the coated panel for any
cause.

Clearly, differentiating among failure modes is an ad-
vance over grouping all failures under one category (Sec-
tion IV.A.2.), and it should be obvious that it is not valid to
extrapolate from the results of one exposure environment
to another if there is a change in the dominant failure
modes.

As in the case of a single failure mode (Section IV.A.2.),
the parameters of the life distribution, the reliable life, and
the safe life can be estimated and inferences can be made
on these estimators. The maximum likelihood estimators
for the Weibull competing risk model, as well as a number
of other parametric models, are presented in David and
Moeschberger (1978).

4. ESTIMATION OF THE PARAMETERS OF A LiFE DISTRIBUTION
COoNTAINING CONCOMITANT VariaBLEs: Throughout the coat-
ing process, many variables are monitored, controlled, and
recorded. Some of these variables are continuous in nature
and are precisely monitored; examples include the concen-
tration of the coating constituents and the viscosity of the
coating. Other variables are discrete in nature, including
the batch number for a lot of paint and the method used in
applying a coating (e.g., 1=spray applied, O=roller applied).

An important mission of any service life prediction
methodology is to identify the variables, often called con-
comitant (“occurring together”) or explanatory variables
(Elandt-Johnson, 1980; Nelson, 1990}, which directly af-
fect the service life of a coating system. Particular impor-



tance is assigned to variables which are linked to early
times-to-failure, since improvement in these variables of-
ten leads to an improvement in the service life of a prod-
uct. This is demonstrated by the following example. Four
sets of panels were immersed in a synthetic seawater
solution at 82°C and the time at which each panel ex-
ceeded a critical performance level was recorded. Each set
of panels differed from the ather sets in either its solvent
(Solvent I or II) or colorant (Colorant A or B, or both); the
formulations of the coatings were otherwise identical. The
failure times of the four sets of panels are presented in
Figure 16. Note that a change in colorant had no appre-
ciable effect on the performance of either coating system,
while a change in the solvent had a large effect, especially
in the early times-to-failure [Poole, 1986, 1990). Thus, the
type of solvent is an important concomitant variable for
this coating system since it affects the early times-to-
failure.

Techniques for identifying concomitant variables and
establishing a mathematical relationship between these
variables and the life distribution parameters have been
discussed by Cox {1972), Elandt-Johnson and Johnson (1980},
David and Moeschberger (1978), and Nelson (1990).

5.  ESTIMATION FOR SHORT-TERM LABORATORY-BASED AG-
ING ExPERIMENTS: Laboratory-based aging experiments in a
reliability-based methodology are tasked with a broader
assignment than are such experiments in the current dura-
bility methodology. Instead of being designed to simulate
an in-service exposure environment, laboratory-based ag-
Ing experiments are systematically designed to determine
the relative effects of the different weathering factors
which, acting alone or in concert, cause the degradation
of a coating system. Once the dominant weathering fac-
tors have been identified, the relationship between changes
in the intensity of each weathering factor and the life
distribution parameters of the coating system can be de-
rived. This can only be accomplished with confidence
through the use of experimental designs in which the
intensities of the weathering factors are systematically
varied.

As discussed in ASTM E632-92, the number of weath-
ering factors which should be considered is often large.
Fortunately, experiences show that three weathering fac-
tors (spectral ultraviolet radiation, time-of-wetness, and
temperature| are responsible for most coating system deg-
radation. Other factors, such as pollutants and abrasives,
play a role in more specialized environments (e.g., indus-
trial environments). Thus, the assumption is made that if
the degradation response of a coating system is known for
these three factors, then results from properly-designed
experiments can be used in making service life estimates
for a coating system. If this assumption is not valid, as is
the case for coatings exposed in industrial environments,
then the experimental design will have to be enlarged to
include other weathering factors.

Mathematically, let S denote a vector of weathering
factors to which a coating system may be exposed in
service. If only the three primary weathering factors need
be included in this vector, select p combinations of these
weathering factors (S, i = 1,..., p} covering the range of
weathering combinations. For example, S, may be a com-
bination which is considered to be relatively benign;
whereas, weathering combination S, may contain at least
one weathering factor which is set at a level which would
normally he considered severe in service. That is, the more
adverse weathering combinations are typically considered
as accelerated aging tests. Now let there be an ordering of
these weathering combinations (the severity of each weath-
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Figure 16—Probability-of-failure/temperature/time-to-failure dia-
gram for an alkyd coating on steel exposed at 95% relative
humidity and 40°C (Martin and McKnight, 1985)

ering combination is not less than its predecessor) such
that §;<§;,; forall j = 0,..., {p-1), or equivalently,

S0S81 .. €81 5. £8,5. {27)

Since the severity of the life tests increases with an
increase in the severity of the weathering combination
(i.e., 5.1 >Sjforj=1,2,..., p-1), it follows that the probabil-
ity of failure at any time t for a coated panel exposed to the
weathering combination {S;,,} should always be greater
than the probability of failure for a panel exposed to any
lower weathering combination {Sy for k = 0,...,j); that is,
Pi,, (T<t) > B;(T<t). In terms of cumulative distribution
functions, this is stated equivalently as follows:

F(8.,) 2F (t; 8) (28)

forallt >0 andforallj=0,..., p-1 and where 6 is vector of
parameters of the theoretical life distribution F(t) for j-th
weathering combinatjon.

Assuming that equation (28] holds for all weathering
combinations and that the time-to-failure distributions for
all weathering combinations come from the same family,
then a function, p(t;0;, may exist relating the distribu-
tional parameters to the intensity of the weathering com-
binations as follows:

Fy(t) = Fo (p(t; 6)) (29)

where
Foft] 1is the life distribution under normal weathering
conditions and
p(t;0) is called a time transformation function.

The time transformation function can often be assumed
to be a linear function. That is p(t;8) = ¥(S,0)-t over a range
of weathering levels (Barlow and Scheuer, 1971; Viert],
1983) where the most frequently used models for ¥{S,8)
include the Arrhenius, the Eyring, and the inverse power
law models and the Williams, Landel and Ferry superposi-
tion model (Mann et al., 1975; Nelson, 1990; Martin, 1982).
The use of equation (29) is supported by the results of
Martin et al. (1985) and Schutyser and Perera (1992).

In the case of the Weibull life distribution [equation
{13)), Halpin and Polley (1967) assumed that the shape
parameter, o, was the same for all weathering combina-
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100,000

tions, whereas the scale parameter, B, varied with the
intensity of the weathering factors ™ according to

N S (30)
ardQyy

where G is a constant, oy is the acceleration factor for
temperature, 0,7 is the acceleration factor for dilutions, and
oy is the acceleration factor for spectral ultraviolet radia-
tion. Empirically, this multiplicative model appears to
have some validity for predicting the service lives of poly-
meric materials {Brunt, 1962; Kwei, 1966; Halpin and Polley,
1967; Martin et al., 1985} and, more recently, for predict-
ing the service lives of optical disks (Murray, 1993). Other
models are discussed by Viertl (1980, 1983), Nelson (1990),
and Crowder et al. (1991).

From equation (29), a probability-of-failure/stress/time-
to-failure {P-S-T) diagram can be constructed (see Figure
17) which plots iso-probability lines as a function of weath-
ering level and exposure time. It gives the time at which a
given fraction of panels can be expected to have failed (or
to have survived). As is apparent from Figure 17, for a
given probability of survival, the time-to-failure increases
as the severity of the weather decreases.

6. CumuLaTivE DamaGe MobeLs: One of the remaining
problems in reliability theory is to establish a mathemati-
cal connection between laboratory and field exposure re-
sults. Under certain circumstances, it is possible to predict
the service life of a coating system exposed anywhere
outdoors from laboratory exposure results using cumula-
tive damage models (Saunders, 1983). These circumstances
occur whenever the incremental damage sustained by the
coating during each exposure interval is a random variable
having a distribution of incremental damage which re-
mains stationary (that is, the distribution of damage does
not change during the lifetime of the coating) and the
coating system fails whenever the accumulated damage
exceeds a critical level.

* The assumption that the shape parameter remains constant does not
always hold. In some cases, both the shape and scale parameters depend on
stress level. A method for analyzing accelerated aging data in which the
failure distribution is assumed to be Weibull, and both the shape and scale
parameters depend on applied stress, is discussed by Viertl (1983).
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The first cumulative damage model was proposed by
Palmgren (1924) to calculate the service life of ball bear-
ings. He used a deterministic formula giving the life of
metallic components sustaining repetitions of combina-
tions of stresses. If, under repetitions of the i-th load, the
component will last p; cycles for i = 1,...k, then under
repetitions of a spectrum of service loads, each of which
contains n; applications of the i-th load, the number N of
such load spectra before failure is given by

X -1
2(&)} (31)
= M

This result gives the average damage rate per spectrum
as the harmonic mean of the rates of accumulated damage.
This result, rederived by Miner (1945), is often called
Miner’s cumulative damage rule. Assuming incremental
damage was a random variable, Birnbaum and Saunders
(1968) gave Miner’s rule a stochastic interpretation. Later,
Birnbaum and Saunders (1969) proposed a cumulative dam-
age model based on renewal theory. Bogdanoff and Kozin
(1985) advanced a model based on Markov chain theory,
which is history-dependent and attempted to relate pa-
rameters of the distribution of fatigue life to the physical
constants governing the failure mechanism. More recently,
Doksum and Héyland (1992) proposed a cumulative dam-
age model in which accumulated decay was governed by a
continuous Gaussian process whose distribution changed
with the magnitude of applied stress.

Even though cumulative damage models seem to be
intuitively applicable, to date, no cumulative damage model
has been proposed to connect laboratory and field exposure
results for polymeric materials. So none has been verified.
One of the few cumulative damage models which has been
developed which may have application to polymeric mate-
rials is one commonly used in the medical and biological
fields for predicting the degradative effects of spectral UV
radiation. Specifically, this model has been used to predict
the incidence of melanoma and non-melanoma cancers in
humans from laboratory exposure results; it is discussed in
Section IV.B.2.

N =

B. Proposed Changes in the Current Data
Collection Procedures

In Section IV.A., the mathematical underpinnings of
the proposed reliability-based methodology were briefly
discussed. In this section, changes in the experimental
procedures needed to implement a reliability-based meth-
odology are discussed and recommendations made.

1. QUANTIFICATION OF INITIAL PROPERTY MEASUREMENTS:
Very few databases containing useful data on the service
life of coating systems exist in the current durability
methodology even though laboratory-based and outdoor
exposure tests have been conducted for over 80 years
(Appleman, 1990). In the proposed reliability-based meth-
odology, however, computerized databases will play a
pivotal role due to the quantity and quantitative nature of
the collected data and to the high costs associated with
collecting data.

Computerized databases are receiving increased atten-
tion because of their widespread use in other disciplines
(Ambler, 1985; Rumble and Carpenter, 1992; Glazman
and Rumble, 1989; Long et al., 1991; Frawley et al., 1992;
Gibbons, 1992; Desmond et al., 1992; Barry and Reynard,
1992; Newton, 1993; White, 1993). For computerized da-



tabases to be successful, the data must be stored in a
standardized format and each data set must be uniquely
described by a set of identifiers. These identifiers are
needed not only to describe the data stored within a data
set, but also to act as benchmarks for determining the
extent of degradation of a coating system and to serve as an
index for navigating among databases in search of con-
comitant information which may be useful in explaining
or predicting the performance of a coating system.

The most obvious identifiers for a data set are a coating
system’s composition and initial properties. However, the
choice of which compositional and initial property values
to measure is complicated by the large number of variables
which can be selected. Using too few variables or the
wrong variables may hinder the establishment of causal
relationships between a coating system’s initial proper-
ties and its performance, as well as hindering the
intercomparison, interchange, and regrouping of data from
different databases or from different coating systems. On
the other hand, using too many descriptors may make the
database too cumbersome and too expensive to develop
and maintain (since all measurements are expensive to
make); it may also describe a nominal population which
has so few members that no statistically significant rela-
tionships can be established (Amster et al., 1982).

Guidance in developing database formats for materials
is provided by Glazman and Rumble (1989), Barry and
Reynard (1992), and Newton (1993). Help for selecting
identifiers, standardizing data storage formats, and stan-
dardizing terminology is provided by ASTM E1313-90,
Standard Guide for Development of Standard Data Records
for Computerization of Material Property Data, and ASTM
E1314-89, Standard Practice for Structuring Terminologi-
cal Records Relating to Computerized Test Reporting and
Materials Designation Formats. ASTM E1338-90, Stan-
dard Guide for the Identification of Metals and Alloys in
Computerized Material Property Databases, provides guide-
lines for identifying metals and metal alloys. Finally, and
most important for our purposes, a draft standard guide-
line for identifying coatings is under development by the
Committee E-49.

2. QUANTIFICATION OF IN-SERVICE EXPOSURE ENVIRONMENTS:
From Section IILB,, it is evident that in-service exposure
and outdoor results are not reproducible at any location
over any time scale. Outdoor results, however, provide
valuable information about the dominant failure modes
and times-to-failure for a coating system exposed at a
given site over a specified period of time. These benefits
can only be realized if the severity of each weathering
factor is quantified in such a way as to facilitate compari-
sons with laboratory-based exposure data and with data
collected from other outdoor exposure sites or at the same
outdoor site but over a different time period.

Initially, it is proposed that only the three most com-
mon weathering factors (ultraviolet radiation, tempera-
ture, and time-of-wetness) be used in characterizing the
exposure at an outdoor site. These factors are known to
cause the degradation of most coating systems and are the
ones which are most often monitored and controlled in the
laboratory. If in-service environments cannot be adequately
characterized by these factors, then other weathering fac-
tors must be included in characterizing an exposure envi-
ronment.

In the current practice, it is common to assume that
weathering factors act independently from each other and
that the weather repeats itself after a sufficiently long
period of time. Statistically, these factors are usually char-
acterized by their daily and monthly total accumulated

values for ultraviolet radiation and precipitation or by
their averages and their high and low values for tempera-
ture, relative humidity, and dew point. Physically, solar
UV-irradiance is characterized by total UV-irradiance (to-
tal irradiance between 295 and 385 nm) incident on flat
panels sloped at one or more angles relative to the horizon.
Temperature is characterized by ambient, black panel, and
under-glass temperatures, while measures of the moisture
level include time-of-wetness [ASTM G84-92], dew point,
relative humidity, and precipitation measurements.

Although weather statistics have been reported monthly
for a long time by most commercial exposure sites, the
National Oceanic and Atmospheric Administration
(NOAA), and others (Hennig, 1990}, this data is seldom
used since no known functional relationship has been
established between reported values and coating system
degradation. Reasons for this may be that these factors are
not being properly characterized.

With respect to statistical characterization, it is known
from laboratory-based studies that weathering factors act
synergistically in causing a coating system to degrade and
that often, for values below some threshold, the rate of
degradation related to a weathering factor is so low that
the degradation at levels below this threshold can be ne-
glected for all practical considerations. For example, wet-
dry cycles {and perhaps freeze-thaw cycles) have been im-
plicated in the cracking of paint and are viewed by some as
a major cause of coating system failure in the field
{Timmins, 1979; Smith, 1988; Appleman, 1989a,b; Skerry
et al.,, 1990; Oosterbroek et al., 1991). Temperature and
moisture are known to have threshold values below which
the rate of degradation is so low that it can be neglected,
but above which the rate of degradation increases expo-
nentially with any increase in temperature, moisture, or
both (Vernon, 1931; Martin and McKnight, 1985; Schutyser
and Perera, 1992).

The existence of synergistic effects, the effects of wet-
dry cycles, and the possible presence of threshold values
raise serious questions as to whether characterizing weath-
ering factors by their mean value and viewing the degrada-
tion effects of these factors as acting independently is
meaningful in the context of service life prediction. As an
alternative, it is recommended that until more is known
about the effect of the individual weathering factors on the
degradation process, the time series for each of the primary
three weathering factors be simultaneously monitored and
characterized.

The time series for a weathering factor can be generated
by sampling its intensity at set constant time intervals and
it can be quantitatively characterized as an infinite series
of sine and cosine functions (a Fourier Series) in which the
amplitudes are estimated using Fourier analysis (Barry and
Perry, 1973; Korner, 1989; Burroughs, 1992).

The Fourier series for a weathering variable, X(t), is
expressed as a sum of harmonics as follows:

X(t)=X +A, sm(QT’“) +B, cos(ZTm) ‘A, sm(‘lT’”) +

onnt 2nnt

7 )+ B, cos( )} (32)

B, cos(%n) +...A, sin(

where
% 1is the average of X{t) over the entire series;
n is the number of the harmonic and is an integer; and
P is the time span of the entire series.

Through Fourier analysis it is possible to compress
volumes of data into a small set of Fourier coefficients
with little or no loss of information. Then, the estimated
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Fourier coefficients can, at any time, be substituted back
into the Fourier series (equation {32)) and the time series
can be regenerated with virtually no loss in information.
This has been demonstrated for the temperature of painted
panels exposed on outdoor racks by Saunders et al. (1990)
and for solar spectral UV radiation by Martin et al. (1993)
using the data generated by the Smithsonian Institution at
their Rockville, MD site (Correll et al., 1992).

In addition to changing the way weathering factors are
statistically characterized, it is recommended that changes
be made in the way they are physically characterized. For
the purpose of the service life prediction of coatings, out-
door weathering factors should be characterized using
metrics which are relevant to the way that coating sys-
tems degrade and the way these factors are characterized
in the laboratory. Metrics for expressing the severity of
temperature and UV degradation are proposed in the fol-
lowing paragraphs. A satisfactory metric for expressing the
degradation effects of moisture has not yet been identified,
although extensive efforts have been made in making wet-
ness measurements (Grossman, 1978; Sereda et al., 1982;
Haagenrud et al., 1984; Mannsfeld, 1982, 1988; and Rosen
and Martin, 1991).

Temperature controlling the rate of degradation of a
coated panel is the temperature of the panel. In laboratory
experiments, the temperature of the coated panels can be
monitored directly by outfitting each panel with a thermo-
couple or indirectly by controlling the exposure condi-
tions. Obviously, such methods would be expensive if the
number of specimens was large, as in many commercial
outdoor exposure sites. A more economical and practical
approach to monitoring panel temperature, but one that is
dependent on the availability of adequate models, would
be to determine the thermal properties of a coating system
before its exposure in its expected in-service environment.
Additionally, common meteorological variables like am-
bient temperature, sky temperature, background tempera-
ture, wind speed, and total solar radiation during its expo-
sure need to be monitored. Then the panel temperature for
all the coated panels at an exposure site can be computed
by solving for T, for each panel using the following energy
balance equation (Duffie and Beckman, 1991}):

AH,0=2hA(T,-T,)-€Ao(T! - T, ) - eAo(T, - T, )
where 133)
A is the surface area of a panel (m?);
H, is the total solar radiation (W m2);
0. is the absorptivity of the coating;
h is the convection coefficient (W m? K'!), which is a
function of wind speed;
6 is the Stefan-Boltzmann constant which is 5.67 x 10
W I'l'l’2 K-4;
T, isthe ambient temperature (°K);
T, 1is the background temperature (°K);
T, is the panel temperature (°K);
T, is the sky temperature (°K); and
¢ is the panel emissivity.

The feasibility of this approach has been demonstrated by
Saunders et al. {1990).

Ultraviolet radiation is deleterious to most organic ma-
terials. The medical, biological, and agricultural commu-
nities characterize the degradative effects of ultraviolet
radiation using a different approach from the one used in
the coatings community (Zerlaut, 1993). They relate the
degradative effects (Cutchis, 1978; Fears and Scotto, 1983;
Scotto et al.,, 1975, 1987) directly to total effective UV
dosage, D, whereas the coatings community tends to use
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total UV irradiance. The total effective UV dosage is de-
fined by

Dmt(t)=.[ IEO(A,t)(z-e-AW Jo(a) dade  (34)
0 Amin

where

Amin and A,y are the minimum and maximum photolyti-
cally effective wavelengths, respectively;

Eqo(A,t) is the UV spectral irradiance to which the
material is exposed at time t (W m2 nm™);
(1-e2M) is the spectral absorption of a material (di-

mensionless); and

o(A) is the spectral quantum yield of the mate-
rial {dimensionless).

Thus, the total effective UV-dosage is computed by inte-
grating the product of the spectral irradiance, E,(A,t), the
spectral absorption coefficient, (1 - e*?), and the UV solar
spectral efficiency of the absorbed radiation, ¢(A), over
both the range of photolytically effective wavelengths and
the duration of the exposure. Experimentally, the spectral
absorption and the spectral quantum yield coefficients are
determined from laboratory-based experiments. The spec-
tral irradiance measurements are monitored in both the
laboratory and field. The total effective dosage, Dy, can
then be related to biological damage using a damage func-
tion. The possible application of this approach to coatings
has been discussed by Martin {1993} and some preliminary
analyses of spectral UV irradiance measurements have
been performed by Martin et al. (1993) and Lechner and
Martin {1993).

3. QUANTIFICATION OF COATING SYSTEM DDEGRADATION:
Over the last two decades, significant advances have been
made in the quantification of appearance and protective
properties of coating systems.

Examples of advances in appearance measurements at
the microscopic or molecular level include infrared spec-
troscopy (Bauer et al., 1984; Bauer, 1993; van der Ven,
1993), x-ray photoelectron spectroscopy {Wilson, 1993},
electron spin resonance (Gerlock et al., 1985), and ATR
spectroscopy (Wernstahl, 1993}, Improvements in macro-
scopic appearance measurements have largely revolved
around the computerization of existing optical appearance
measurements (Schlipfer, 1989).

Examples of advances in corrosion protection measure-
ments at the microscopic level include chemical property
measurements of coating system degradation using Fou-
rier transform infrared spectroscopy (Nguyen and Byrd,
1987; Nguyen et al., 1991), changes in the electrochemical
properties using AC impedance spectroscopy (Leidheiser,
1992; Tait, 1993), and changes in the internal mechanical
stress properties in a coating system as it ages (Croll, 1979;
Perera and van den Eynde, 1981, 1987; Perera, 1990). Im-
provement in macroscopic corrosion protection measure-
ments include imaging corrosion products or blistered ar-
eas using visible or thermographic cameras linked to a
computer image processor {McKnight and Martin, 1984,
1989; Bentz and Martin, 1987; Duncan and Whetton, 1993)
along with a wide variety of other techniques (Beissner and
Birring, 1988).

Although significant measurement advances have oc-
curred in both the microscopic and macroscopic properties
of a coating system, few of these measurements have been
linked with one another, making it difficult to establish a
connection among degradation measurements and, hence,
making it difficult to compare data generated in the same



or different laboratories. It is recommended that an effort
be made to establish linkages between degradation mea-
surements to facilitate the intercomparison of collected
data.

4. ExpERIMENTAL DEsSIGNS: Design of experiments pro-
vides a systematic plan or strategy for conducting experi-
mental investigations so as to collect data in the most
efficient manner (Hahn, 1977; Box et al,, 1978; Box and
Bisgaard, 1987). In our case, the goals are to design experi-
ments which are cost effective and yet capable of (1) distin-
guishing among important and unimportant factors in re-
gard to their effect on the service life of a coating system;
(2) obtaining information about possible interactions among
the experimental factors affecting a coating system’s ser-
vice life; and {3) generating reliable data which advance
understanding of coating degradation processes and pro-
vide coating system performance data which can be stored
in a database for future retrieval and analysis.

The experimental design selected often depends on the
number of factors which have to be considered and the
existing state of knowledge about the interactions among
these factors. When the number of factors is large and our
knowledge of the interactions among the factors is rudi-
mentary, fractional factorial designs at two levels are often
used to screen out unimportant factors and, correspond-
ingly, identify important factors. Once the number of fac-
tors has been reduced to a manageable size (e.g., five or
less), then full factorial experiments can be used to gain a
better understanding of how these remaining variables
interact. Finally, once the functional relationships between
the few significant variables is understood, experiments
can be designed to optimize a product or to predict its
service life. Often, during this last stage of the process, the
experiments are designed to validate a mechanistic model
containing all the important independent variables.

Design of experiments is not new to the coatings indus-
try in that experimental designs are commonly used in
formulating new coatings to ensure good application and
initial appearance properties (Cox, 1984; Rooney, 1991;
Vaidya and Natu, 1992; Neag et al., 1994). However, the
techniques have seldom been extended to the design of
laboratory-based aging tests, even though the logic is clear.
In a reliability-based service life prediction methodology,
design of experiments is essential in planning cost-effec-
tive laboratory-based experiments.

Design of experiments for laboratory-based aging tests
is complicated by the need to handle censored and non-
normally distributed time-to-failure data. Fortunately,
Nelson {1990) has shown that standard maximum likeli-
hood and regression techniques are capable of handling
such complications when the list of factors has been re-
duced to a manageable size. Problems arise, however, in
analyzing highly censored data generated from highly frac-
tionated experimental designs. In this case, maximum
likelihood estimators may no longer exist. Current meth-
ods for analyzing such data have been reviewed by Hamanda
and Wu (1991).

5. DaraBases: The quantity of data to be collected in a
reliability-based methodology far exceeds that collected in
the current durability methodology. It is the ability to
handle, store, retrieve, and discover knowledge from the
collected data which will justify the costs of the reliabil-
ity-based methodology. The only realistic way of handling
large data sets is through the use of computerized materi-
als databases (Barry and Reynard, 1992; Newton, 1993).

Progress in the development of computerized databases,
including intelligent databases, can be attributed to the

combination of faster computers, powerful workstations,
massive storage capability {e.g., optical storage), expert
systems, neural nets, and advances in sensor technology.
The importance of computerized databases lies in the abil-
ity they give to the researcher to instantly access massive
amounts of data from a variety of sources and to use it to
discover relationships and to confirm hypotheses. The
sources of the data can be diverse and are not limited to
service life data. For example, historical data and data
collected during the pre-qualification of a coating system
may provide concomitant information useful in explain-
ing the service life performance of a coating system. Obvi-
ously, the database grows by incorporating new data gained
through the execution of new laboratory and field experi-
ments.

According to Rumble {1992), the success of any com-
puterized material database depends on:

(1) Complete, unique, and unambiguous identification
of the initial properties of the subject material;

(2) Quantitative characterization of material degrada-
tion in terms which are relatable to its performance;

(3) Storage of the collected data in an electronic format
which makes its retrieval transparent to other software
and hardware systems; and

(4) Identification of efficient algorithms for making
data inquiries and for establishing causal relationships
among the data.

The importance of unique identification of a coating
system for which data is to be entered into the database
was briefly discussed in Section IV.B.1. The issue of deter-
mining which material and performance properties should
be selected and measured was discussed in Sections IV.
B.1. and IV.B.4. The difficulty exemplified by cases in
which there are different measures of the same failure
mode (e.g., electrochemical and visual evaluation of corro-
sion) was discussed in Section IV.B.3. It is expected that
agreement on the preferred data will require extensive
interactions and discussion among representatives of the
coatings community. Finally, issues 3 and 4 must involve
end users and experts in computerized materials data-
bases.

C. Assessment of Reliability-Based Service Life
Prediction Methodology

A reliability-based methodology has been discussed as a
possible alternative to the current durability methodol-
ogy. It differs from the current durability methodology in
both its goals and its underlying assumptions. Its goal is to
predict the service life of a coating system exposed in its
intended exposure environment, as opposed to comparing
the performance rankings of nominally identical sets of
coated panels exposed in the laboratory and field. In mak-
ing these predictions, data from all three sources of service
life data—short-term laboratory-based experiments, long-
term in-service experiments, and fundamental mechanis-
tic studies—are used.

Implementation of a reliability-based methodology will
require changes in all aspects of the current durability
methodology. These changes result from the quantitative
nature of the service life estimates and include: (1) more
systematic characterization of the initial properties of a
coating system; (2) quantitative characterization of each of
the weathering variables comprising the in-service envi-
ronment; (3) quantification of macroscopic degradation
and relating these measurements to microscopic degrada-
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tion measurements; (4) utilization of experimental design
techniques in planning and executing short-term labora-
tory experiments; and (5) development of computerized
techniques for storing, retrieving, and analyzing collected
data. These changes will be justified in view of the greater
reliability of the results,

The greatest changes will occur in the objectives of
short-term laboratory-based and long-term in-service ex-
periments; the objective of fundamental mechanistic stud-
ies will remain essentially unchanged. In a reliability-
based methodology, long-term in-service experiments are
viewed just like a laboratory-based experiment, albeit one
in which individual weathering factors cannot be con-
trolled. This is accomplished by characterizing in-service
environments in the same manner that exposure environ-
ments are characterized in the laboratory and relating in-
service exposure results to laboratory-based exposure re-
sults through cumulative damage models. In order to
compare laboratory-based and in-service exposure results,
individual weathering factors need to be quantitatively
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