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Foreword

THE ACS SYMPOSIUM SERIESwas first published in 1974 to pro-
vide a mechanism for publishing symposia quickly in book form. The
purpose of the series is to publish timely, comprehensive books de-
veloped from ACS sponsored symposia based on current scientific re-
search. Occasionally, books are developed from symposia sponsored
by other organizations when the topic is of keen interest to the chem-
istry audience.

Before agreeing to publish a book, the proposed table of contents
is reviewed for appropriate and comprehensive coverage and for in-
terest to the audience. Some papers may be excluded in order to better
focus the book; others may be added to provide comprehensiveness.
When appropriate, overview or introductory chapters are added.
Drafts of chapters are peer-reviewed prior to final acceptance or re-
jection, and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review pa-
pers are included in the volumes. Verbatim reproductions of previ-
ously published papers are not accepted.

ACS BOOKS DEPARTMENT
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Preface

What exposure should I use? How long do I need to expose my paint to meet
specification?

These questions are commonly asked by coating suppliers who seek to sell
coatings to industry and government. In turn, coating users or manufacturers who
are responsible for setting specifications often ask the following question of people
in the business of performing durability tests: How many hours of exposure in your
box is equal to a year in Florida?

The answers to these questions determine how coatings are selected, tested,
and how they are ultimately used. Coatings have been evaluated using a variety of
outdoor and laboratory equipment for more than 80 years. Although specific testing
chambers have varied, the basic process has remained virtually unchanged. Outdoor
exposures are considered the most reliable. Laboratory exposures are evaluated in
terms of their ability to “correlate” with outdoor exposure results and their ability
to “fail” coatings rapidly. Because outdoor exposures often take excessive periods
of time, decisions (both product development and material selection) are often made
using these accelerated laboratory tests. Despite the maturity of this testing
protocol, premature coating failures can be estimated to cost manufacturers,
government, and consumers easily in excess of a billion dollars a year. In addition,
development cycle times are still too long adding to coating costs, and fear of failure
often prevents the implementation of new, improved coating systems.

Clearly, service life prediction is critical to the coatings industry. We believe
that a fundamentally new approach is needed. The new approach is based on trying
to answer a different question from those posed above: How do I learn enough about
my coating and the environment in which it is placed to assess the risk of failure in
that environment?

To answer this question it is necessary to take a systematic approach to
characterizing the environment, determining how the exposure variables affect
failure processes, and determining how material and processing variables interact.
The new systems approach is multidisciplinary and draws on expertise not
traditionally found either in coating manufacturers or in coating users. The purpose
of the Symposium on which this book is based was to bring together experts in a
wide variety of fields to discuss the state of the art in service life prediction. The
symposium was held in Breckenridge, Colorado, in September 1997.

After first giving an overview of the current state of the art in testing, this book
describes the key aspects of service life prediction that we feel are necessary for
successful prediction. The first key aspect is the characterization of the
environment. This includes everything from global measurements of UV radiation to
characterization of the microclimates inside a particular building or joint of an
automobile. It is also necessary to understand how to measure exposure conditions.

For example how do coating temperatures vary in outdoor and laboratory
exposures? Characterization of conditions in accelerated, laboratory chambers must
be compatible with characterization of outdoor conditions. It is important to
characterize exposures in terms of dose or cumulative damage events rather than in
terms of time.

Laboratory exposure testing is often expensive and we must maximize the
information gained from all exposures. Another critical point is that a given coating
system never fails at a single time. Rather failure has to be described in terms of a
distribution. Reliability methodologies widely used in other industries provide

ix
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robust ways to handle such information and to relate laboratory testing to field
performance. Predicting performance ultimately involves understanding the
fundamental mechanisms of failure. There have been many recent advances both in
the chemical characterization of degradation and in the physical manifestation of
those changes that ultimately leads to failure. Understanding failure mechanisms
not only will lead to improved service life prediction but also to improved products.

After discussing these issues, the book concludes with chapters that address
questions of data and data management. Every panel ever exposed, and every
coating on every product ever sold is a potential source of information concerning
reliabjlity. Managing and interpreting that wealth of data is a daunting task. Of
particular interest is the issue of “meta-data”, that is the data that is necessary to
describe the experiment. Without the correct meta-data, experimental results are
often meaningless and cannot be compared to other experiments. Managing
extensive service life databases will be a challenge for the success of the
systematic approach that is advocated.

The Breckenridge Symposium concluded with a group discussion of what was
learned and more importantly what still needs to be done. From an industry
perspective, it is clear that we need to both improve the durability of our products
and to shorten development times. In To support those goals, we need to develop
further the tools that are described in this book. In particular we need to develop a
better characterization of the environment that is easily accessible to coating
scientists. We need to continue to develop the fundamental understanding of failure
mechanisms. We need to agree on a common protocol for handling service life data.
Finally, we need to develop concrete examples that demonstrate how this
methodology can work to meet the needs of the coating industry. While we believe
that this book represents the current state of the art in service life prediction in
coatings, it should be clear that this is very much a work in progress. Further
discussions will be necessary and a future meeting is in the planning stage. Those
interested in the current status and detailed conclusions of the meeting are welcome
to visit SLP web site at http://ciks.cbt.nist.gov.80/slp/.

Finally we thank the Breckenridge organizing committee and all the authors and
participants for making the symposium a truly memorable event. We also thank the
National Institute of Standards and Technology, the National Renewable Energy
Laboratory, the Federal Highway Administration, Wright Patterson Air Force Base,
and the Forest Products Laboratory for their financial support of the Symposium.

DaviD R. BAUER

Research Laboratory MD 3135
Ford Motor Company

P. O. Box 2053

Dearborn, MI 48121

JONATHAN W. MARTIN

National Institute of Standards and Technology
Quince Orchard Boulevard

Route 270, Building 226, Room B350
Gaithersburg, MD 20899
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Chapter 1

A Systems Approach to the Service Life Prediction
Problem for Coating Systems

Jonathan W. Martin

National Institute of Standards and Technology, Quince Orchard Boulevard,
Route 270, Building 226, Room B350, Gaithersburg, MD 20899

ABSTRACT

The conventional and reliability-based service life methodologies for coating systems
are compared with respect to their predictive abilities. It was concluded from this
comparison that the scientific merit of several of the underlying premises of the
conventional methodology are suspect. Specifically, the premise which draws into
question the merit of the conventional methodology is the belief that the weather
repeats itself over some time scale. Unlike the conventional methodology, the
reliability-based methodology has a strong scientific basis and has had an
outstanding record in predicting the service life of a wide variety of materials,
components, and systems. The application of this methodology to coating systems,
however, will require dramatic changes in the way that the industry views its service
life prediction problem. Specifically, major changes will be required in 1) the
missions and objectives assigned to the primary sources of service life data; 2) the
characterization of the unaged coating system and coating constituents, 3) the
characterization of the exposure environment and coating system degradation; and 4)
the collection, analysis, storage, and retrieval of experimental data. Application and
implementation of the reliability-based methodology to the coatings service life
prediction problem is discussed.

INTRODUCTION

Over the last two decades, the organic coatings industry has undergone rapid
technological and structural changes. These changes have been largely induced by
federal and state legislative actions such as restrictions pertaining to hazardous
chemicals, toxic effluents, waste disposal, and volatile organic compounds; and have
led to increased competitive pressures to produce environmentally and user friendly
coatings without sacrificing ease of application, initial appearance, or, most
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importantly, significantly reducing the expected service life (SL) of a coating
system. Other consequences of this legislation include the gradual displacement of
almost all commercially-important, well-established coatings (largely high-solvent
coatings) by newer systems (water-borne, high solids, and powder coatings); the
formulation and application of which are often based on different chemistries and
technologies.

Unlike the displaced coatings, however, performance histories for these new
coatings are neither available nor has there been time to generate them, since, at
present, the generation of a reliable performance history for a new coating system
requires an extensive in-service or outdoor exposure program, often taking between
five and ten years to complete. Moreover, attempts at avoiding this task have had
limited success and have, in a few cases, led to expensive litigation, loss in customer
good will, and product substitution.

The coatings industry, therefore, is faced with the problem of generating
service life data in a timely manner. This dilemma is not shared by all industries,
however. For example, the electronics, medical, aeronautical, and nuclear industries
make quantitative service life estimates for their products and have long since made
the transition from an overwhelming dependence on long-term in-service tests to a
heavy reliance on laboratory results. This transition has been accomplished through
the implementation of a service life prediction methodology called reliability theory
and life testing analyses (hereinafter, called the reliability-based methodology) or,
equivalently in the medical industry, survival analysis. The feasibility of applying
this methodology to coating systems has already been demonstrated by Tait [1993],
Tait et al. [1993], Schutyser and Perera [1993], and Martin et al.[1985, 1989, 1990].

Implementation of a reliability-based methodology will require dramatic
changes in the way the coatings industry views its service life prediction problem.
Specifically, major changes will be required in 1) the missions and objectives
assigned to the primary sources of service life data; 2) the characterization of the
unaged coating system and coating constituents, 3) the characterization of the
exposure environment and coating system degradation; and 4) the collection,
analysis, storage, and retrieval of experimental data. The reward for these efforts
will be a greatly reduced time-to-market for new coatings and better communication
of service life results within the coatings industry and with coating consumers. This
paper describes the reliability-based methodology and its implementation.

SOURCES OF SERVICE LIFE DATA

Regardless of the material, product or system, quantitative service life data
are only available from three sources: 1) accelerated laboratory, 2) outdoor, and
3) fundamental mechanistic experiments. One common feature of all three data
sources is that the generation of experimental data is expensive both in terms of time
and money and the quantity of data generated from individual experiments is almost

In Service Life Prediction of Organic Coatings; Bauer, D., et al.;
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always small. Other features of greater practicality include the following:

1) In both accelerated laboratory and fundamental mechanistic studies,
exposure variables can be monitored and controlled; whereas
outdoors, exposure variables cannot be controlled, but can only be
monitored.

2) Well-designed accelerated laboratory exposures provide an effective
means for sorting through a large number of independent variables
(material, environmental, processing, application, and design)
affecting the service life of a coating system. This effort is necessary
to identify influential and non-influential variables affecting the
service life of a coated product.

3) Well-designed outdoor exposure experiments provide valuable
information on the dominant failure mode and the expected failure
times for a product exposed at a specific location. Such information
is valuable in designing accelerated laboratory experiments.

4) Once the number of variables has been pared down, fundamental
mechanistic studies provide a powerful means for isolating underlying
failure mechanisms causing degradation.

In the following sections, the conventional and proposed reliability-based
service life methodologies are compared with respect to their missions, objectives,
and how the above stated issues are satisfied. It should be remembered, however,
that in making this comparison, that the conventional service life methodology was
implemented a long time before much thought was given to the service life
prediction problem, service life prediction methodologies, and before sophisticated
theory or tools were available for making service life estimates.

CONVENTIONAL SERVICE LIFE PREDICTION METHODOLOGY

In the United States, the paradigm for the conventional coatings service life
methodology had its genesis in a meeting held under the auspices of ASTM
Committee E (the forerunner of ASTM Committee D1) in 1902. The purpose of this
meeting was to propose improved standards for assessing the durability of
maintenance coatings [Pearce, 1954]. Outcomes from this meeting included 1) the
designation of a bridge in 1905 in Havre de Grace, Maryland as the first test bridge
for exposing new maintenance coatings; 2) the construction of several outdoor sites
for exposing coated panels in Virginia, North Dakota, and Pennsylvania from 1905
to 1907 [Gardner, 1911]; 3) the establishment of a task group within ASTM D1 on
accelerated laboratory experiments in 1910 [Pearce et al., 1954], and 4) the
introduction of crude, by today’s standards, weathering devices between 1915 and
1920 [Muckenfuss, 1913; Capp, 1914; Nelson, 1922]. Thus, by 1920, all of the
ingredients for the conventional methodology were in place.

In Service Life Prediction of Organic Coatings; Bauer, D., et al.;
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A schematic of this methodology is shown in Fig. 1. In it, accelerated
Iaboratory experiments are designed to capture “the balance of exposure conditions”
occurring outdoors; that is, they are designed to simulate outdoor environments.
Once this balance has been captured, the accelerated laboratory experiment should
consistently generate results which are highly correlated with those obtained from
outdoor experiments.

The validity of the conventional methodology, therefore, depends on three
implicit premises. They are as follows:

Premise 1:  The performance of nominally identical coated panels exposed
in the same environment at the same time exhibits little or no
variability;

Premise 2:  The results from outdoor exposure experiments are the de

facto standard to which accelerated laboratory exposure results
must duplicate (correlate); and

Premise 3:  The results from a successful accelerated laboratory
experiment should correlate with exposure results generated
anywhere outdoors.

As discussed in the following sections, none of these premises appears to have any
scientific validity. The premise which questions the scientific merit and usefulness of
the conventional methodology, however, is premise 2; that is, are outdoor exposure
results a good standard for which to judge the adequacy of laboratory experiments
[Reinhart, 1948].

RELIABILITY-BASED SERVICE LIFE PREDICTION METHODOLOGY

Unlike the conventional methodology, the reliability-based methodology has
had a short, but highly successful history of predicting the service life of a wide
variety of products [Nalos, 1965; Nelson, 1990]. This methodology differs from the
conventional technology in that 1) reliability theory and life testing analyses were
specifically designed to address the service life prediction problem; 2) the
reliability-based methodology has a strong scientific and theoretical bases; 3) the
methodology is constantly evolving from inputs from many disparate branches of
science and technology; and 4) the output from this methodology is a quantitative
estimate of the service life of a product exposed in its intended service environment.

A schematic of the reliability-based methodology is depicted in Fig. 2. The
reliability-based methodology attempts to integrate the data generated from each of
the primary sources of service life data into estimating a coating system service life.
Thus, all three data sources are viewed as generating complementary and comparable
data. Successful implementation of this methodology, therefore, requires that the
data collected from each source has a scientific basis; are quantitative and
comparable; and are of known precision and accuracy.

In Service Life Prediction of Organic Coatings; Bauer, D., et al.;
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The major differences between the conventional and reliability-based
methodologies are in the missions assigned to accelerated laboratory and to outdoor
exposure experiments. Specifically,

1.

Outdoor exposure experiments are viewed as just another laboratory
experiment; albeit one in which individual weathering variables cannot be
controlled, but can be monitored.

Outdoor weathering variables must be monitored and characterized in the
same manner that they are in laboratory experiments.

Accelerated laboratory experiments are statistically designed to
systematically cover the range of each weathering variable to which the
coated product is expected to be exposed in-service. No attempt is
made to design an accelerated laboratory experiment which simulate
or captures “the balance of exposure conditions” occurring outdoors.
The major difference between accelerated and fundamental mechanistic
laboratory experiments are in the number of independent variables
investigated. Accelerated laboratory experiments are designed to sort
through the effects of a large number of variables; whereas fundamental
mechanistic experiments are designed to thoroughly investigate the
effects of a few variables.

Laboratory and outdoor exposure results are mathematically related
through a cumulative damage mode. Cumulative damage models
describe the irreversible accumulation of damage occurring throughout
the life of a coating system exposed in its intended service environment.

Detailed descriptions of the reliability-based methodology and theory are
presented in Nelson [1990] and in journals like Technometrics and the IEEE
Transactions on Reliability. The application of these techniques to coatings has been
reviewed by Martin et al. [1996].

In the next section, various aspects of the reliability-based service life prediction
methodology are briefly discussed.

Reliability Theory and Life Testing Analysis

A coating system functions to protect and enhance the appearance of a coated
object. Thus, it has failed whenever it no longer performs its intended function or,
more specifically, whenever at least one of its critical performance properties has
been exceeded; this is commonly called a failure mode. Examples of failure modes
for loss of appearance or loss of protection include corrosion, cracking, chalking, and
color change (see Fig. 3).

Each failure mode can be related to one or more root faults. Examples of
root faults include the exposure environment, coating composition, material
processing, application variables, and the design of the coated product. Under each

In Service Life Prediction of Organic Coatings; Bauer, D., et al.;
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root fault are a number of basic faults (see Fig 3) which actually cause a coating
system to fail. A major objective of the reliability-based methodology is to isolate
the basic fault(s) initiating the failure. This can be accomplished through proper
experimental design of the accelerated laboratory and fundamental mechanistic
experiments.

At a higher level of investigation, the objective of the reliability-based
methodology is to establish the connection between a failure mode and its root and
basic faults. This is seldom an easy task since it requires the elucidation of the
intermediate degradation steps (physical, chemical, or physical and chemical)
causing a coating system to fail. If the degradation steps have are well-elucidated,
then fundamental mechanistic experiments can be employed and the results from
these experiments used in making estimates of the service life of a coating system on
the chemical degradation Kinetics of the study coating. Bauer et al. [1991, 1993a,
1993b] and Gerlock et al.[1985], for example, have made great strides in elucidating
the photodegradation kinetics of several clear coatings used in automotive
applications. Unfortunately, most commercially viable products are chemically too
complex to isolate the underlying failure mechanisms. In these cases, the linkage
between a failure mode and its root and basic faults is more tenuous and can only be
empirically made through cause-and-effect or dose-response relationships. In the
case of loss-of-protection, for example, the connection between the observed failure
mode and basic faults can be best described by a gray box (see Fig. 3).

Laboratory experiments designed to isolate basic faults and to elucidate the
linkage between a failure mode and its underlying faults are called life tests. In a life
test, a number of performance properties of a coated panel are monitored over time.
Associated with each performance characteristic is a user-defined maximum or
minimum critical value, h_,,, above or below which the coated panel is said to have
failed (see fig. 4) [Tait, 1993a, 1993b; Martin et al., 1985, 1989, 1990; Gertsbakh et
al., 1966]. The time-to-failure, t, of a coating system, therefore, is the time after a
coating is applied at which a critical performance value is first exceeded.

When a number of nominally identical coated panels are exposed at the same
time and in the same exposure environment, the times-to-failure for these panels
almost always exhibit wide temporal variation [Tait, 1993; Tait et al., 1993; Martin
et al., 1985, 1989; Schutyser et al., 1992, 1993; Crewdson, 1993]. (A violation of
premise 1 of the conventional service life prediction methodology). In Fig. 5 for
example, 24 nominally identical specimens were immersed in a 5% salt solution for
6000 h and the degradation state of each panel tracked [Martin et al., 1990]. The
weakest or first panel exceeded the critical performance value after approximately
1000 h of immersion, while 6 of the 30 panels displayed no sign of degradation after
6000 h of immersion. Thus, the performance of these nominally identical specimens
ranged from poor (times-to-failure less than 1000 h) to excellent (times-to-failure
greater than 6000 h). A key decision in estimating the service life of a product is the
fraction of failures of nominally identical coated panels before which an end user

In Service Life Prediction of Organic Coatings; Bauer, D., et al.;
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Figure 4—Schematic representation of changes in a critical coating system performance
characteristic over time.
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Figure 5—Percent area blisters versus immersion time for 24 nominally identical and
simultaneously immersed coated steel panels containing no intentionally induced defects.
The panels were continuously immersed in 5% NaCl solution. Six of the 24 panels displayed
no degradation after 6000 h of immersion (taken from Martin et al. 1990).
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deems that a coating system has failed. For most applications, this fraction or
percentage will be much less than 1%. The mean or median time-to-failure seldom
has any practical significance.

From an experimental viewpoint, it is fortunate that the times-to-failure of
nominally identical panels are always ordered from the weakest to the strongest.
This ordering allows one to predict the service life of a product without observing the
failure times for all of the coated panels on test; that is, it is possible to estimate the
times-to-failure for the specimens on exposure after observing the first few ordered
times-to-failure. The coated panels whose failure times are not observed are said to
be censored. Censoring also arises from other situations including damage to a
panel during handling, loss in shipment, and removal of a panel for destructive
analyze (see discussion in Nelson, 1990). In life testing, censoring is ubiquitous and
is of great practical value (censoring can easily reduce exposure times by a decade or
more). It is not be surprising, therefore, that estimating the service life of a product
from censored samples receives a lot of attention in reliability analysis.

Finally, when a coating system is exposed in the field or laboratory, a number
of performance characteristics begin to change simultaneously [Walker, 1974]. Each
performance characteristic is in effect competing with the other performance
characteristics in causing a coating system to fail (often termed competing risks
[David et al., 1978]). The failure mode which "wins out" is the dominant failure
mode for a given exposure environment over a specified period of time. The
dominant failure mode often changes for nominally identical coated panels exposed
at the same location over different exposure periods or at different locations
[Rychtera, 1979; Degussa, 1985]. For example, the dominant failure mode for a
coating system exposed in a semi-desert environment like Arizona is often associated
with a loss of appearance due to the high spectral ultraviolet irradiance at this site;
whereas, the dominant failure mode for the same coating system exposed in Florida
may be associated with a loss of protection, which is attributable to the long time of
wetness common to semi-tropical environments.

Characterization of Qutdoor Exposure Environments

A major implicit assumption of the conventional methodology (premise 2) is
that the weather repeats itself over some time interval. If this does not occur, then
the use of outdoor weathering results as of standard of performance to which
laboratory experiments must correlate is unjustified and the scientific merit and
predictive abilities of the conventional methodology must be questioned.

Although a myriad of weathering variables may affect the service life of
coatings systems, three variables (ultraviolet radiation, moisture, and temperature)
are commonly viewed as being primarily responsible for the weathering of coating
systems. It is the repeatability of these variables which will be discussed, although
the discussion which follows also applies to all other weathering variables.

In Service Life Prediction of Organic Coatings; Bauer, D., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.
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The non-repeatability of the weather and of weathering results is supported
by three sources of information: 1) time series analyses for individual weathering
variables, 2) testimonials from coating researchers, and 3) field exposure resuits.
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The meteorological community has long since concluded that the weather and

individual weathering variables do not repeat over any time interval. Recent reviews
include those by Burroughs [1992] and the Climate Research Council [1995]. Based
on trend analysis (determining temporal changes in the mean and variance values for
a weathering factor) and spectrum analysis (determining if a weathering variables
exhibits any cyclic behavior), these authors have concluded that there is no scientific
evidence that the weather repeats itself over 