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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.
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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.

13

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 any time scale.

The proposition that the weather does not repeat itself over any time scale is
also supported by testimonials from coating researchers. For example, it has long
been recognized that dominant failure mode for nominally identical specimens
exposed for the same duration and at the same time often changes from one
environment to another [Scott, 1983] and that the rankings of outdoor exposure
results do not agree for coated specimens exposed 1) at the same site and at the
same time of year, but in different years [Grinsfelder, 1967] 2) at the same site, but
at different times [Stieg, 1975; Ellinger, 1977; Lindberg, 1982; Stieg, 1966;
Rosendahl, 1976; Grossman, 1993; Greathouse and Wessel, 1954; Morse, 1964,
Singleton et al, 1965; Grinsfelder, 1967; Rosato, 1968; Mitton et al., 1971; Gaines et
al., 1977; Scott, 1977] 3) at the same site, same year, and the same time of year,
but for different durations [Reinhart, 1958], and 4) at different sites, but at the same
time of the same year [Stieg, 1975; Kamal, 1966; Hoffman and Saracz, 1969; Morse,
1964; Singleton et al., 1965]. In fact, no study was found claiming that outdoor
exposure results are reproducible. This is a violation of premises 2 and 3 of the
conventional methodology.

Finally, more quantitative outdoor exposure studies indicating the lack of
reproducibility include those published by Ashman, G.W. [1936], Wirshing, R.J.
{1941], and Epple [1968]. These researchers have conducted experiments in which
nominally identical coated panels were exposed at the same location and for the
same duration, but the exposure experiments were started at different months of the
same year. Exposure results differed by a factor of two or more.

Although individual weathering variables cannot be controlled in outdoor
experiments, they can be monitored and, in order to relate laboratory and field
exposure results, individual weathering variables must be monitored and
characterized in the same manner that they are monitored and characterized in
laboratory experiments. Efforts have been initiated to make such characterizations;
examples include the following: spectral ultraviolet solar radiation [Thompson et
al.,1997; Lechner and Martin,1993;Martin, 1993], panel temperature [Saunders et
al.,1990], and moisture content [Burch and Martin, 1998].
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Quantification of Coating System Degradation

Over the last two decades, significant advances have been made in
quantifying both appearance and corrosion degradation. This is particularly true for
laboratory measurements. Examples of advances in appearance measurements at the
microscopic and molecular level include infrared spectroscopy [Bauer, 1993; van der
Ven and Hofman, 1993], x-ray photoelectron spectroscopy [Wilson and Skerry,
1993], and electron spin resonance [Gerlock et al., 1985]. Improvements in
macroscopic appearance measurements have largely revolved around the
computerization of existing optical appearance measurements [Schldpfer, 1989]

Examples of advances in corrosion protection measurements at the
microscopic level include chemical property measurements of coating system
degradation using Fourier transform infrared spectroscopy [Nguyen et al., 1987,
1991], changes in the electrochemical properties using AC impedance spectroscopy
[Tait et al., 1993; Kendig et al., 1987; Leidheiser, 1992], and changes in the internal
mechanical stress properties in a coating system as it ages [Croll, 1979; Perera, 1990;
Perera et al., 1987]. Improvement in macroscopic corrosion protection
measurements include computer image processing of corrosion and blistered areas
using visible or thermographic [McKnight et al., 1984, 1989; Bentz et al., 1987,
Duncan et al., 1993; Pourdeyhimi et al., 1994].

Although significant advances have been made in quantifying the degradation
of a coating system at the sub-macroscopic level, the most common method for
characterizing loss of protection degradation is still via visual standards. Such
characterization is known to be subjective and the continued use of visual standards
is a major hindrance to the implementation of any quantitative service life prediction
methodology. At the time that visual standards were introduced, they were a
significant advance over even more qualitative characterization metrologies which
they supplanted. The usefulness of visual standards, however, has long since passed
and they should be replaced with more quantitative, cost-effective, accurate, and
precise degradation measurements achievable through computer image processing.

Data Bases and Integrated Knowledge Systems

Probably the greatest change from the conventional methodology to the
reliability-based methodology is the quality and quantity of data collected. The
reliability-based methodology is very data intensive and the collected data are
viewed as having great intrinsic economic and technical value.

The worldwide effort in establishing databases is extensive. The most
advanced efforts are meteorological variables [World Climate Programme, 1986a,
1986b], chemicals [Buchanan et al., 1978; Langley et al., 1987], superconductors
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[Munro et al., 1995], medicine [Wiederhold, 1981; Blum, 1982; Kissman et al.,
1969], electronics [Munro and Chen, 1997], aerospace [Whittaker et al., 1969]. For
construction materials, the most advanced databases are for metals, metal alloys
[Westbrook, 1993] and metal corrosion [Rumble and Smith, 1990]. Efforts in
creating standardized databases for polymers, coatings, and composites are still in
their infancy [Moniz, 1993].

The general steps in creating a technical database have be described by
Rumble and Smith [1990]. Efforts in establishing a database include 1) selection of
the raw data to be collected, 2) evaluation of the collected data, 3) formation of an
electronic database and in advanced applications, 4) creating an expert system, and
5) developing algorithms to query the data.

Selection of the raw data is most difficult and the most crucial part of the
process. The difficulty lies in that users of the data have different views as to what
data should be collected, how it should be collected, and how it should be reported.
Careful and extensive efforts are required. Guidance for the selection of raw data are
provided in ASTM E1484, Rumble and Smith [1990] and Moniz [1993].

Data evaluation is the process of ensuring the reliability and usefulness of the
collected data. It is the process by which one enhances the confidence in a database.
Extensive national and international efforts to standardize the data evaluation process
are on-going. Excellent descriptions of the steps involved in data evaluation are
described by Barrett [1993] and Munro and Chen [1997].

Finally, steps in establishing an electronic database are described by Rumble
and Smith [1990]; while expert systems and data mining techniques are described in
Piatetsky-Shapiro [1991].

SUMMARY

The conventional and reliability-based service life prediction methodologies
are compared with respect to their ability to predict the service life of coated
objected. It was concluded from this comparison that the scientific merit of several
of the underlying premises of the conventional methodology were suspect;
specifically, the premise that the weather repeats itself over some time scale.

The reliability-based methodology, on the other hand, has had an outstanding
record in predicting the service life of numerous materials, components, and systems.
Implementation of a reliability-based methodology, however, requires substantial
changes in the way that coating service life prediction problem is viewed. The
greatest changes will be in the missions assigned to accelerated laboratory and
outdoor experiments; the mission of fundamental mechanistic studies will remain
essentially unchanged. In a reliability-based methodology, outdoor experiments are
viewed just like a laboratory-based experiment, albeit one in which individual
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weathering variables cannot be controlled. Individual weathering variables can
characterized, however, in the same manner as they are characterized in the
laboratory. Such a characterization would greatly facilitate the comparison of
outdoor and laboratory results via cumulative damage models. Accelerated
laboratory experiments, on the other hand, are systematically designed to determine a
coating system’s degradation response over the range of exposure conditions that the
coating system is expected to encounter in-service and to isolate influential and non-
influential variables affecting the service life of the coating system. This is
accomplished through appropriate experimental designs. Results from laboratory
and outdoor exposure experiments are stored in a computerized database for future
retrieval and analysis. This is made possible since all the collected data are
quantitative and are comparable from one data source to another. The power of
computerized databases is that it allows the researcher to query the database for
relationships which were not previously recognized without conducting the
experiment.
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Chapter 2

Risk Management: The Real Reason for Long
Product Development Time Cycles

F. Louis Floyd

Duron, Inc., 10414 Tucker Street, Beltsville, MD 20705

Abstract

We all know that developing a new product is difficult, time-consuming, and
risky (low probability of success). The total manpower cost is directly related
to the sum of the technical and the marketing degrees-of-difficulty. While it is
certainly true that technically-difficult assignments can absorb unexpected
time in finding elusive solutions to persistent technical problems, the majority
of time expended during a typical development program is usually spent on
reducing the total risk to the corporation represented by the new product. By
carefully analyzing the risk management portion of the product development
process, alternate routes can be found which take less time to implement,
and deliver more useful product performance-in-use information.

Introduction

| remember the first business course | took as a lad. In it, our professor
surprised us by pointing out that the prime directive for any company is not to
make a profit, or to make a given product, or to improve our community, or to
provide jobs. The real prime directive is “to survive!” After all, if one doesn’t
survive, none of the rest of the dialog matters. So it is not at all surprising
that conservatism and risk aversion rein in corporations world-wide. It is
also not surprising that individuals adopt similar conservatism, since few
want to risk their own jobs.

The most recent form of this view, in somewhat loftier form, can be found in
the work of Arie de Geus in his book “The Living Company.”' De Geus’s
work is quite interesting in that he focuses on companies that have survived
over very long times (200+ years), against a backdrop of companies that
rarely survive beyond 50 years after founding. Surviving companies are
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viewed by de Geus as living organisms, which are capable of learning and
growing. But more to the point of the present discussion, these companies
appear to have a better view of risk management than the rest of us.

The field of reliability theory has arisen to deal with the issue of product
liability within the broader topic of risk management. The aerospace,
electronics, nuclear, and medical industries have all utilized reliability theory
to substantially reduce the time needed to develop new products, while
simultaneously reducing failures and product costs.? The thesis of this paper
is that the coatings industry could achieve similar advances by adopting the
tenants of reliability theory.

The Dimensions of Risk

Risk Perception

Studies® have shown that a person’s perception of risk can differ significantly
from an analytical assessment of risk. The level of perceived risk seems to
be inversely

related to the level of involvement one has in the decision process for taking
the risk, and directly related to the degree of surprise. Thus, people who
have a decision imposed on them view the risk associated with that decision
as being higher than people who participated in the decision making process.
And people who are surprised to learn that they are at risk see that risk as
being even higher. In addition, risks with a catastrophic potential are seen as
more severe than those with much greater actual damage spread over a
longer period of time. To complicate matters further, these opinions appear to
be impervious to any scientific evidence which is contrary to their personal
belief. For example, nuclear power is seen as far more risky by the general
public than cigarette smoking, even though substantial evidence exists to
the contrary.

Considerable corporate energy goes into discovering the risks inherent in a
given decision or activity and developing contingency plans to deal with the
problems when they arise. Unknown risks deny this opportunity, so when
such a failure occurs, the attending staff are surprised and have no prepared
responses available to them. People responding to surprise situations
commonly make mistakes and often compound the problem with even more
mistakes in their efforts to correct the problem. This can escalate a small
problem into a serious situation and challenge a corporation. Therefore, an
unknown (undefined) risk is perceived to be far worse than a known risk.
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Conservative Response to Risk

Business risk deals with the probability that a given decision (or product) will
result in financial harm to the company. [Moral and ethical issues are not
considered here.] In both frequency of occurrence and size of actual impact,
the most common form of risk is that a business decision (strategy) will fail to
produce the desired profitability. Product liability risks are less of a problem
for corporations, but they consume considerable attention due to their
potentially catastrophic nature.

A good example legitimizing the concern for risk is the recent problem which
auto manufacturers were having with base-coat / clear-coat technology being
used for automotive coatings. Tens of millions of cars and trucks
manufactured in the U.S. between 1985 and 1990 were finished using this
new technology, which was subsequently found to experience peeling
failures. The price tag for correcting the problem could easily exceed a
billion dollars. The problem: an unexpected mode of failure with the new
system.

While entrepreneurial companies tend to take big risks (and have
commensurate failure rates), major corporations are distinctly risk-averse. In
particular, major corporations abhor the catastrophic potential of unknown
(undefined) risk. Managers in such organizations learn early in their
professional lives that putting their company at unknown risk will jeopardize
their careers.

Separate from specific financial claims, there is also the risk that product
failures will erode a corporation’s credibility to the point that customers prefer
to deal with their competitors. Whole markets can be lost without necessarily
paying out a lot of claims. Which is all the more reason for conservatism.

Over the years, corporations have evolved a wide variety of ways to minimize
the inherent risks of doing business. It starts with taking only moderate risks,
and follows up with a whole plethora of tests, checks, and balances designed
to insure that no major risk goes forward unrecognized, unchallenged or
unquantified. Decisions are frequently delayed by efforts to develop more
information to reduce risk.

Actual Sources of Product Failures

Reliability theory has shown, by collecting and plotting large amounts of
failure data collected over many years, that most materials, components, and
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systems fail by one of three failure modes, depending on the age of the
product (see figure 1):*

Failure Mode A. Early in a material’s life, the failure frequency is high, but
declines rapidly with age. These kinds of failures are frequently referred to
as infant mortality (biological), or burn-in (electronics) failures. These early
failures can be caused by design flaws or manufacturing errors, but are more
frequently associated with flaws or defects in the way a material is installed
or applied. For example, failure to properly prepare the substrate prior to
painting is by far the most common cause of exterior architectural paint
failures. Most product liability claims occur during this interval ®

Failure Mode B. After a brief time, the hazard rate drops to a low level, and
remains there for a long period of time. Failures during this interval are
usually associated with accidental damage, rather than material deficiencies.
Coatings examples include storm damage, construction accidents, and
normal household wear-and-tear. [This is why touch-up is an important
property in architectural coatings.] Very few product claims originate in this
region.

Failure Mode C. All materials have the common characteristic that they fail
due to accumulated damage. This accumulated damage is the summation of
small incremental damage events, each one of which is insufficiently small to
cause failure, and usually not readily detectable. After long times in service,
sufficient damage is accumulated that materials start to fail by a wearing-out
process. This kind of failure can be truly described as characteristic of the
life expectancy of the material. This manifests itself as a steady increase in
hazard rate. However, these failures should cause no concern, provided the
time scale is consistent with customer expectations.

A universal model, containing these three failure modes, takes on the form of
a bathtub (figure 1), when hazard rate is plotted vs. time. Hazard rate is
defined as the conditional probability of failure in the next time interval, given
survival up till time t.

The hazard rate plot illustrates three definitions relating to service life issues:
1. The risk of a given situation is directly related to the quantity and nature of

early failures occurring during period A. Reflecting this point, a majority of
product failure claims occur during period A.
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Hazard
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(Conditional
probability of
failure at time t,
given survival
up to time t)

Units of Time

Caption:

Region A: early failures can be due to design deficiencies or manufacturing
errors, but are more frequently related to improper installation,
deficient training or capabilities of operators, or using for
inappropriate purposes. This can be seen in some cases as a
lack of robustness on the part of the product.

Region B: failures are random, and caused by “freak” events such as storms
or accidents.

Region C: failures represent the normal “wearing-out” process; indicative of
end-of-life. These can be termed as related to the capability of
the product.

Figqure 1. Bathtub-Shaped Curve of
Hazard Rate vs. Total Lifetime of Population
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2. A product is considered to be robust if it does not exhibit any early
failures. The rationale is that a product should be designed with sufficient
robustness to accommodate the varying installation conditions which might
be reasonably encountered. And if the customer is a professional painter,
that expectation of robustness is absolute, even if not reasonable.

3. The normal lifetime for the product, absent improper installation or usage,
or freak accidents, can be defined as the end of period B. This is commonly
referred to as the capability of a given product in service in a given
environment. One implication: the product should be taken out of service (or
renewed) before the end of period B.

Managing Risk

The present author believes that the magnitude of effort which goes on in a
company to manage and control risk is one of the larger consumer of
resources of any activity undertaken in a company. Virtually every decision
is influenced by perceptions of risk, and is frequently delayed by efforts to
develop more information to reduce the uncertainty associated with that risk.
If true, then how we manage risk is the best place to look for economies, if
one desires to significantly reduce the costs and time inherent in the product
development cycle.

The role of risk manager (minimizer) can be difficult to fix with regards to
business decisions and credibility. For product issues, this role naturally
falls on the shoulders of the R&D function, not only because they usually
originate the product, but also because they are usually the only function in
an organization with the resources and skills necessary to carry out detailed
testing and quantification of the elements of risk (a long-time-frame process).
Unfortunately, R&D personnel are often led to believe that this risk-reduction
part of their jobs is an intrusion on their “true” mission of designing new
products. This misconception can come from both general and R&D
management, if they have a limited understanding of the overall risk
management process.

For R&D, the components in risk reduction involve: verifying that the design
goals are appropriate (i.e., that commercial success can reasonably be
expected to follow technical success); testing to prove that the design goals
have been met; and testing for problems which might be encountered after
product introduction. The clear message here is that it is far more important
to be effective than efficient, since all the efficiency in the world cannot
correct for a faulty goal.
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Example of
Current Product Development Protocol

Prior to engaging in product development, R&D must first have an on-going
program of formulating and testing alternatives from the wide variety of
possible raw materials and technologies available. This development of
options is a key step in providing a competitively healthy future for the
corporation, but predates the start of the actual development process. It also
operates on a long time scale of years-to-decades.

As an example of the our current product development process, let us
consider the development of a new architectural coating intended for exterior
use on commercial and residential construction. Our typical approach
involves a number of sequential steps, which can cycle back in an iterative
fashion until success is achieved:

1. Marketing specifies a target cost and performance balance for a new
product. This is usually a fast response to a specific market-place
opportunity. [time scale: hours to days]

2. R&D develops candidate coatings selected from the options
developed in step 1 plus the totality of prior formulating experience in
the corporation. Only enough testing (ca. 10 to 15 properties) is
conducted to determine if key properties are obtained within the
specified cost constraint. These results are compared to the
performance of relevant competitors in the marketplace, to check the
validity of the stated goal. This stage is frequently referred to as
demonstrating feasibility. [time scale: weeks]

3. Extensive formulation studies follow, to guarantee that over 200
properties are simultaneously achieved, within the specified cost
parameters. This usually involves numerous iterations, not only
technically, but in revising the actual goal and cost constraints. [time
scale: months to quarters]

4. Extensive panel exposure studies are initiated on test fences,
involving different orientations, locations, and substrates, to
determine if the candidate is capable of withstanding the natural
weathering process. It is common to encounter unexpected results
during this process, usually in proportion to the degree of departure
from known systems. Accelerated testing may be conducted
simultaneously, to build a database of comparative information, but it.
is rare to make decisions based on accelerated results alone, due to
lack of confidence in those results. [time scale: years]
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5. Formulation studies continue to refine the application (liquid state)

and appearance properties of the candidate, and to correct any solid
state property deficiencies uncovered in step 5. [time scale: months
to quarters]

After the completion of a year or two of fence testing, and a Iot of lab

testing, test houses are painted to check real-world application and

performance of candidate products. This inevitably uncovers some
deficiencies in robustness, which requires further formulation
revisions, followed by further testing. [time scale: years]

At the conclusion of house testing, the product is scaled up,
production batches are made, and the product is test marketed in a
narrow geographical region (field testing). This allows one to move
forward in the commercialization process with controlled risk. It is
here that most remaining problems of insufficient robustness to
varying application and lifetime conditions are uncovered. [time scale:
quarters to years]

Once the test marketing is successfully concluded, the product is
introduced across the entire market with full fanfare. [time scale:
months]

The total cycle time for this process is on the order of 5 to 7 years, and can
be depicted graphically in figure 3. Here we are plotting the relative amount
of risk reduction achieved as a result of the information generated (Y-axis)
vs. calendar time (x-axis). This is plotted as a continuous function, so that
each stage adds on to the results of the preceding stage. Each stage has a
spurt of learning, followed by a more gradual increase. This tendency to
plateau after an initial spurt is frequently referred to as reaching diminishing
returns. The judgments which go into the decision to move onto the next

stage are governed by the preceding discussion on risk.

Caveat: It should be noted that while all this testing does lower risk, it
can do so only within the context of current knowledge and experience.
Unknown modes of failure with new technologies can remain undetected
throughout this entire process. Therefore, the greatest risk will always lie
with new technologies. And competition and regulations inexorably push our

industry into new technologies.

WHERE CAN WE SAVE TIME ?

There are many issues inherent in our current testing protocol which

contribute to long time cycles. From figure 2, one can surmise that if the
various plateau regions can be shortened, considerable time could be saved
without significant sacrifice in learning or risk. There are also some hidden

opportunities for time savings, as the following discussion will highlight.

In Service Life Prediction of Organic Coatings; Bauer, D., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: April 15, 1999 | doi: 10.1021/bk-1999-0722.ch002

continuing

background initial formulation design test field

studies design and exposure studies house test
commercialization

|<< |====-] ! i l

29

high

Cumulative
Reduction

in Risk

(due to information
acquired)

low

Time
(Range is approximately 5 - 7 years)

Figure-2. Cumulative Value of Information
Generated at Various Stages of Product Development

In Service Life Prediction of Organic Coatings; Bauer, D., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: April 15, 1999 | doi: 10.1021/bk-1999-0722.ch002

30

Maintaining a clear goal. The problem of changing goals is endemic in
R&D. We should certainly put considerable effort into defining the goal of
the program, and vigorously resist mission-creep. However, we should also
be realistic by clearly acknowledging our limited ability to accurately forecast
precise needs. Thus, there is a discovery process which occurs during
product development where feasibilities are constantly compared to costs,
competitive activity, and customer needs to iteratively arrive at both the
definition and the accomplishment of the goal at about the same time. By
subjecting our on-going activities to frequent reality checks with our
commercial colleagues, we can avoid the considerable time wastage which
occurs when R&D develops a product which is inappropriate for the market
need.

Quantification of failure. In the coatings industry, failure is typically a
defined phenomenon, rather than an abrupt loss of performance. The
definitions tend to be ambiguous, and the measurements of degradation tend
to be qualitative rather than quantitative. The main reason for low precision
is that end-points are frequently judgment calls, based on some qualitative
illustration of failure (e.g. photographic standards). Thus we live with the
dreaded ASTM type scale of 1 (complete failure) to 10 (no failure), which is
qualitative, situation-specific, and very open to interpretation. To
compensate for this, experimenters typically repeat their work a number of
times to demonstrate “reproducibility.” As an alternative, Martin and
McKnight® have shown that by using image analysis techniques, one can
substantially reduce the error in the evaluation process, and with that reduce
the time needed to arrive at a reliable conclusion.

Replication deficit. No matter how much is written on the subject, the
coatings industry still persists in employing inadequate replication of results.
Inadequate replication leads to low precision, which leads to additional
formulation iterations, which continues the spiral. Worse yet, what little
replication is done is focused on defining average lifetime, instead of
quantifying early failures, where the risks truly lie. Given enough time, the
formulator can overwhelm the uncertainty with enough data, to convince
himself and others of the merit of moving forward. Proper replication up front
will always save time by increasing the credibility of the observed result.

Experimental design and data treatment. Because failure data are
not normally-distributed, conventional experimental designs and data
analysis techniques are inappropriate.” Maximum-likelihood techniques deal
with skewed failure data much better, and should be employed for more
rigorous data treatment.
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We also need to shift our attention away from the differential distribution (bell
shaped curve) to cumulative distributions (S shaped curve), in order to bring
into focus the issue of early failures as opposed to expected lifetime. We
have been taught to look at experimental data in the form of differential
distributions (“bell” shaped curve), which focuses attention on the overall
average performance, and de-emphasizes the extremes as “outliers.”
Unfortunately, this attitude causes us to overlook the major source of risk
with new products: early failures. Thus, we spend a lot of time, and still fail
to quantify the risk we set out to. A switch in mindset to cumulative
distributions would materially improve this process, but only with proper
replication, as mentioned above.

Role of field testing. All testing for robustness up to the point where it is
put into the hands of the customer for regular use is inherently biased! The
simple reason for this is that up to that point, the people conducting the tests
are controlling variables, and hence risks. It is only when real people use
our products in the real world that we find out about robustness issues for
certain. We would all be better served by proceeding rapidly to this stage,
bypassing the fence test stage.

Role of exposure (panel, fence) testing. To this author, exterior
fence testing has a role, but not in product development. Fence testing is
what suppliers should be doing to establish the capability of their products
under controlled conditions. It should also be conducted by paint companies
to establish a record of their own capabilities against which failure complaints
can be judged. But fence testing can say very little about robustness-in-use.
It is simply too controlled a process, and takes too long to produce results.
Properly conducted lab testing is actually better suited to testing for
robustness than exterior exposure testing.

New activity: life testing analysis. LTA refers to testing to determine
what agents in nature cause a given mode of degradation in a paint film, and
then developing dose-response information. Done properly, this can save
more testing time than all other items covered in this paper combined. Up till
now, this has not been done in any consistent or comprehensive way in the
coatings industry. This is ultimately the key to our doing things differently,
and therefore having a meaningful positive impact on our product
development time cycle.

For example, experiments have already shown that paints degrade in
appearance properties due to photochemical degradation,® and in protective
properties by a fatigue process.” While we know that UV light causes
photodegradation of polymers (binders), with resultant loss in gloss, or
chalking, we don’t know the exact wavelength-dependence of this process,
nor do we know anything about synergistic effects of other ingredients in the
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paint. If we did, we could develop an “action spectrum” which quantifies the
effective dosage vs. wavelength for a given paint system. And with an action
spectrum, we could construct and run more meaningful lab tests.

As another example, it has been shown that at least some cracking behavior
is related to cyclic environmental conditions (hot/cold, freeze/thaw, wet/dry),
and that this may be aggravated by chemical changes occurring during these
physical cycles. If we could quantify this, and learn about the deficiencies in
film formation or cure which contribute to premature failure via this mode,
considerable progress could be made in achieving better protective qualities
from paint.

Role of lab tests. Only after life testing analysis is done, can meaningful
lab tests be constructed and run. Once we learn from LTA what we should
be testing for and how, it is then a relatively simple matter to construct and
run lab tests which will give meaningful information about the capability of
our particular product.

For example, one significant problem which we have today is in the area of
UV testing. Carbon and xenon arc weathering devices use light sources
which contain far more IR than UV radiation, with the result that panels are
baking (annealing) during testing, which is not characteristic of the natural
environment. As a result, it is virtually impossible to study cracking
tendencies of paints in such devices. Other cold light sources of UV contain
non-natural bands of UV or distort the natural distribution among bands,
relative to nature. This introduces both false positives and false negatives as
a result.

In order to make this process work, we will have to have access to cold UV
light sources which can either be either tuned, or filtered, in narrow bands in
a highly reproducible manner. Such a device could then be used to study
the dose-response behavior of a candidate paint, knowing what wavelengths
are important, without interfering with other durability issues, such as crack
resistance. '

Conclusion

A large amount of the time spent during product development is actually
devoted to issues of risk management. As a result, product development
cycle times will not likely be reduced by working harder and faster. They will
only be reduced by taking a different approach to the way risk is managed in
a company. Reliability theory provides alternate protocols which can be
used in R&D to both shorten the product development cycle, and to
simultaneously reduce the total risk implicit in the process. If the various
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functions of a company can learn to collaborate on risk issues, and share the
resulting risk of moving forward, product development cycle times can be
reduced even further.
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Chapter 3
Weather Cycles: Real or Imaginary?

W. J. Burroughs

Squirrels Oak, Clandon Road, West Clandon,
Surrey GU4 7UW, United Kingdom

The evidence of cycles with periodicities in the range 2 to 100 vears is examined in
terms of their being the product of either the natural variability of the global climate, or
the result of solar activity and/or tidal forces. Conclusions are then drawn on whether
either the evidence or the physical explanations of the observed changes are sufficient
to influence investment decisions and planning the maintenance of plant and equipment.

The ability to predict changes in the climate on the timescale of a few years to several decades would
have a profound effect on how we manage our lives. Leaving aside predictions of global warming,
there is no possibility of standard numerical weather forecasts addressing such lengthy changes. If]
however, we can develop a better understanding of how the atmosphere interacts with more slowly
varying components of the global climate (e.g. sea surface temperatures, snow cover, pack ice and soil
moisture) then it might be possible to predict the probabilities of periods of extreme weather occurring
months and years ahead. Evidence of weather cycles is a useful measure of whether such progress is a
realistic prospect.

The subject of weather cycles has been of peculiar fascination to many meteorologists.
Whether the product of the natural variability of the climate system or the result of interactions between
the Earth’s atmosphere and oceans, and external agencies including periodic variations of solar activity
and the astronomical motions of the Moon and the planets, there has been a long and largely fruitless
search for clear evidence for predictable cycles. Even more intriguing is how this search has waxed and
waned as if to parallel the elusive periodicities that it sought.

As far as solar activity is concerned, a good starting point is the comprehensive review (/)
which concluded that “despite a massive literature on the subject, there is at present little or no
convincing evidence of significant or practically useful correlation between sunspot cycles and the
weather or climate”. This conclusion, together with a similar general scepticism about other periodic
variations in the climate, meant that interest in weather cycles had reached a low ebb. Apart from the
well established diurnal and annual cycles in the weather, it is probably fair to say that only the Quasi-
Biennial Oscillation (QBO) in the stratosphere was accepted by the meteorological community as being
real (2). In addition, a similar QBO was widely acknowledged as being a feature of many tropospheric
weather records, but it was regarded as a “statistical will 0’the wisp” (3). But for the rest, the majority
verdict was at best ‘not proven’. Since the late 1970s there has, however, been a number of interesting
developments.
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Which cycles?

Because of the breadth of work done on cycles, it is not possible to cover the entire field. In terms of
making investment decisions and planning the maintenance of plant and equipment, it is best to
concentrate on periodicities in the range 2 to 100 years, with particular emphasis on the QBO, 3 to 5-
year quasi-cycles, 11, 18 to 22, and 80 to 90-year cycles, and in the case of the last three their possible
links with solar activity, and also the alternative lunar explanation for the 18 to 22-year cycle. This
omits the 30 to 60-day cycles in tropical cloudiness (4) and their possible links with some of the cycles
mentioned above. It also excludes how the evidence for cycles is extracted from time-series which are
reviewed elsewhere (5). Also omitted is the major area of work associated with the astronomical
theory of the origin of the Pleistocene ice ages (6-8) which became widely accepted in the 1980s.

QBO

As noted above, the evidence for the QBO in the stratosphere has become well established (2). This
regular reversal of the winds in the stratosphere over the equator had been closely studied since the
early 1950s (Figure 1). The interesting developments in recent years have been associated with
whether there was a link between this stratospheric periodicity and the weather feature that appeared in
so many tropospheric weather records. In particular, it has been linked with the fluctuations in the El
Nifio—Southern Oscillation (ENSO) (see next secticn) and identified as a factor in the extent to which
the weather is influenced by the 11-year variation in solar activity associated with the incidence of
sunspots.  The latter provides a particularly good example of how a new set of observations can
breathe life into the dying embers of a hypothesis about weather cycles, only to extinguish the new
hopes when predicted events fail to materialise.

It has been known since 1980 that the north polar stratosphere during winter tended to be
colder during the west phase of the QBO than during the east phase. It was then observed that at the
maximum in solar activity the polar stratosphere was unusually warm in the QBO was in its west phase
(9). By sorting out the east and west phase winters it was possibie to show a strong correiation. For
the period 1956 to 1988, west phase winters showec a marked positive correlation with warmer winters
when the Sun was active and with colder winters when the Sun was quiescent, and vice versa for east
phase winters. There is a less than 4 in 1000 chance that this combination of correlations could be the
product of chance.

In terms of tropospheric weather, an examination of the 19 west phase winters during the
period 1956 to 1988 showed an interesting correlation between surface pressure and solar activity.
Over northern Canada pressure was abnormally high when solar activity was high, while at a point in
the western Atlantic (25°N, 55°W) there was an equal and opposite negative correlation. These results
suggested that during west phase winters at times of high solar activity, pressure over North America
should be higher than normal while over the western Atlantic it would be lower than normal.  This
pattern brings cold northerly winds to the east coast of the USA more frequently than usual (/0). So it
was predicted that, with the QBO in the westerly phase and solar activity at high levels, the winters of
both 1988/89 and 1990/91 would have temperatures well below average. When the first cold winter
failed to materialise, it was argued that abnormally low sea surface temperatures (SSTs) in the
equatorial Pacific (see next Section) might have disrupted the weather patterns over North America. In
1990/91 this explanation did not wash and, when a mild winter in the east was capped by the warmest
February the USA had experienced this century, the reputation of seasonal forecasts based on the
QBO-solar activity connection was in tatters.

ENSO

The interannual variability of the atmosphere and ocean of the tropical Pacific basin — generally referred
to as the ENSO - has been the subject of widespread discussion (1, 12). Instead of recapitulating the
broad features of this globally important climatological phenomenon, we will concentrate on the
evidence of quasi-cycles in the behaviour of the tropical Pacific and how computer models have been
developed to simulate this interaction between the ocean and the atmosphere. The basic feature of the
temperature of the central equatorial Pacific is a periodicity of between 3 and 5 years (Figure 2). In
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addition there is some evidence of a biennial oscillation (/3), which may be linked to the stratospheric
QBO, but it displays variable amplitude and appears to miss a beat from time to time. The longer
periodicity appears to be a natural product of the way the atmosphere and the ocean interact across the
Pacific basin.

Out of the many efforts to model the Pacific basin (/2) one particular model has addressed the
possibility of quasi-cyclic behaviour. This approach (/4) seeks to handle the basic problem of what
causes the oscillation between the El Nifio and non-El Nifio conditions. During normal conditions
(non-El Niflo) the winds blow from the east towards the area of rising air over the warmer water in the
western Pacific. As these winds pile up warm water in the west they draw deeper colder water to the
surface in the east, accentuating the temperature contrast which drives the wind, so strengthening the
contrast. During the El Nifio the reverse applies. As unusually warm water extends eastwards, it is
accompanied by wind from the west into this rising air over the warm water. As this cuts off the cold
water that normally upwells in the east, it strengtihens the westerly winds enhancing the anomalous
conditions. So, in principle, either the £l Nifio or non-El Nifio could last indefinitely.

The way out of this impasse is that when the sea-level rises in, say, the east it transmits a
‘signal’ to the west to lower the sea-level in the west. This ‘signal’ is in effect a travelling displacement
of the thermocline. The important feature of this process is that hydrodynamical models show that the
ideal case of a symmetrical bell-shaped depression of the thermocline will disperse into two waves — an
eastward-travelling Kelvin wave and a westward-travelling Rossby wave. The former is a gravity-
inertia wave which shows no meridional velocity variations and on which the restorative forces are due
to the stratification of the ocean and the rotation of the Earth. The latter, by contrast, is governed by
the restorative force of the latitudinal variation of the Coriolis parameter, so its speed varies with
distance from the equator.

Within 2 to 3 degrees of the equator — often termed the equatorial waveguide — processes are
dominated by the zonal component of the wind stress which causes changes in the slope and the
thickness of the warm upper layer. The balance of these stresses and the weak Coriolis forces results in
downwelling and upwelling Kelvin waves crossing the Pacific basin in 2 to 3 months. Rossby waves
move westward at speeds which depend on iaiitude.  Near ihe equator they are trapped in the
equatorial waveguide and cross the Pacific basin in about 9 months, but at 12°N and 12°S they take
around 2 years.

Changes in the depth of the thermocline, and hence the thickness of the warm layer, can be
separated into these two types of waves. During the El Nifio the anomalous pattern is sustained by
eastward-travelling equatorial Kelvin waves. ~Simultaneously, Rossby waves are generated in the east
Pacific. Close to the equator they are initiated by the wind anomalies. At higher latitudes they are
generated by presently unknown interactions of coastal Kelvin waves (generated by the equatorial
Kelvin waves) and the bathmetry along the North and South American coasts. The equatorial Rossby
waves can cancel out the positive feedback sustaining the El Nifio.

When the warm layer off South America is abnormally thick (i.e. during an El Nifio) the effect
is to initiate upwelling Rossby waves. These are reflected at the westerly rim of the Pacific basin and
return in the equatorial wave-guide as upwelling Kelvin waves which tend to reverse the growth in the
warm upper layer. This delayed negative feedback serves to switch off the El Nifio conditions.

By contrast, the much slower off-equatorial Rossby waves reach the western rim a year or two
later, returning as downwelling Kelvin waves which tend to increase the thickness of the warm layer in
the east. This much delayed feedback serves to set up an oscillation between the El Nifio and non-El
Nifio conditions.

The simple computer model of the Pacific basin (/4) has been able to produce a quasi-periodic
oscillation of equatorial SSTs. These are irregular, occurring at intervals of about 3 to 5 years and
resemble the observed fluctuations in the Pacific. In spite of its limitations, this simple linear model can
produce a physically realistic mechanism which combines a coupled oscillator and delayed feedback. It
also suggests that when the oscillations are small the system has little predictability, being dominated by
random fluctuations in the global climate. =~ When the fluctuations are large the delayed feedback
mechanism and the behaviour are more predictable. This may be the key to many transient examples of
apparently cyclic behaviour in the weather. A major chance disturbance in a slowly varying component
of the climate may trigger a delayed feedback process which results in a few oscillations before the
‘cycle’ fades away.
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North Atlantic Oscillation

A similar process to the ENSO may be at work in the North Atlantic during the winter. Known as the
North Atlantic Oscillation (NAO), this see-saw behaviour shifts between a deep depression near Iceland
and high pressure around the Azores, which produces strong westerly winds, and the reverse pattern
with much weaker circulation (/5). The strong westerly pattern pushes mild air across Europe and into
Russia, while pulling cold air southwards over western Greenland. The strong westerly flow also tends
to bring mild winters to much of North America. One significant climatic effect is the reduction of
snowcover, not only during the winter, but well into the spring. The reverse meandering pattern often
features a blocking anticyclone over Iceland or Scandinavia which pulls arctic air down into Europe,
with mild air being funnelled up towards Greenland. This produces much more extensive continental
snowcover, which reinforces the cold weather in Scandinavia and eastern Europe, and often means that
it extends well into spring as long as the abnormal snow remains in place.

Since 1870, the NAO has fluctuated appreciably on timescales from several years to a few
decades (Figure 3). It assumed a strong westerly form between 1900 and 1915, in the 1920s and, most
notably, from 1988 to 1995. Conversely, it took on a sluggish meandering form in the 1940s and
during the 1960s bringing frequent severe winters to Europe but exceptionally mild weather in
Greenland. How these variations might play a part of an organised atmospheric-ocean interaction is
not yet clear. Ifit can be demonstrated that a period of one phase of the oscillation produces the right
combination of sea surface temperatures to switch it into the opposite phase, then this may provide
insight into more dramatic changes in ocean circulation which can occur in the North Atlantic. The fact
that this oscillation shows some evidence of a 20-year periodicity suggests that there may be some more
predictable mechanism at work.

Whatever the impact of the NAO on longer term developments, it remains central to
understanding recent climatic events, because of the influence it exerts on average temperatures in the
northern hemisphere.  Of all seasons, winters show the greatest variance, and so annual temperatures
tend to be heavily influenced by whether the winter was very mild or very cold. When the NAO is in its
strong westerly phase, its benign impact over much of northern Eurasia and Norith America outweighs
the cooling around Greenland, and this shows up in the annual figures. So, a significant part of the
global warming since the mid-1980s has been associated with the very mild winters in the northern
hemisphere. Indeed, since 1935 the NAO on its own can explain nearly a third of the variance in winter
temperatures for the latitudes 20° to 90° N (/6). So understanding more about this major natural
factor in climatic change is central to explaining the causes of global warming in the twentieth century.

Solar and lunar cycles

There are many possible cycles of solar activity and astronomical effects, of which the lunar tides are the
most important, which could influence the weather (5, /7). The most significant of these in terms of
appearing in many meteorological records and surviving critical scrutiny is the periodicity of around 20
years. This has been widely attributed to both the 22-year double sunspot (Hale) cycle and to the 18.6-
year lunar tidal cycle. The most significant evidence of this cycle is to be found in the analysis of
records of drought in the western and central USA (/8, 19), Central England Temperature records (20),
global marine temperature records (27), and Greenland ice-core isotope records for the periods 1244 to
1971 (22).

The debate about the origin of this ubiquitous signal in climatic records has yet to be resolved.
Perhaps the most interesting feature of this work is the apparent discrepancy between differing
interpretations of the US drought indices. The work of Mitchell et al (/8) clearly pointed to a 22-year
cycle of solar origin, whereas Currie’s (/9) work appeared to support the lunar explanation.
Subsequent work by Mitchell (23) showed that the 22-year cycle was the dominant feature in the US
drought series between 1600 and 1962, and there was virtually no sign of the lunar cycle. But if the
series was cut in half and the two halves analysed separately then the lunar cycle appeared as strongly as
the solar one. The reason for this behaviour was that around 1780 the phase of the lunar cycle shifted
by 180 degrees. As yet there is no adequate explanation as to why any lunar influence on the weather
might shift in this way. So at the moment the jury is still out on the climatic significance of the 20-year
cycle and, to the extent it is real, whether it is due to solar and/or lunar effects on the weather.
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One other aspect of possible solar influence of the weather deserves a mention.  This is the
fact that the 80 to 90-year variation both in the peak in solar activity and in the period between
successive maxima shows a marked parallelism with global temperature trends (Figure 4).  Satellite
measurements have confirmed that solar output does vary with solar activity (24), but they are an order
of magnitude too small to explain the observed global trends in terms of direct solar input (25). So
unless some amplification mechanism is at work, possibly linked to the fact that a disproportionate
amount of this variation occurs in the ultraviolet (UV), it is not realistic to attribute observed trends to
solar forcing. Estimates of past variations in solar UV output do, however, show a remarkably high
correlation with observed temperature trends in the northern hemisphere (26), while modelling work
suggests that these UV variations could be amplified by circulation responses in the stratosphere (27).
So the jury is still out on whether observed varaitions in solar activity can exert an appreciable impact
on the climate.

Autovariance and chaos

Recent work in a number of areas has shed new light on various aspects of how the natural variability of
the climate may hold the key to understanding many aspects of quasi-cycles in the weather. Work at
Reading University (28) has shown that a relatively crude model of the climate, but one which handles
the non-linear dynamics of the atmosphere in a reasonably sophisticated manner, produces the
circulation of the atmosphere which varies strongly for periods ionger than a year with the strongest
response being at around 10 years. The general result that large-scale features of the atmosphere
exhibit significant periodicities in the range 10 to 40 years was obtained from a number of different
experiments.

This is a fascinating result. Because earlier linear simulations have not produced similar
results, it emphasises the importance of the non-linear behaviour of the atmosphere. Furthermore, the
fact that the atmosphere alone can exhibit such long-term fluctuations shows that it is not necessary to
involve either the slowly varying components of the climate or extraterrestrial agencies to explain long-
lerm quasi-periodic fiuctuaiions. So ii is possible that, say, ihe 20-year cycie could be largely the
product of atmospheric autovariance rather than due to solar and/or lunar influences.

The slowly varying components of the climate remain strong candidates for much of the
observed quasi-cyclic behaviour including the 20-vear cycle. Modelling work of the thermohaline
circulation of the North Atlantic (29), in which warm surface water flows polewards and colder water
returns to lower latitudes at depth (30), has shown the possibility of substantial and often chaotic
variations. The controlling factor is how temperature and salinity vary in the region where the surface
water sinks to form bottom water. Salinity is the dominant factor in the rate at which polar water sinks
and, unlike temperature, this is not subject to local feedback. This is because salinity is controlled by
the balance between precipitation and evaporation, which is not affected by local salinity but by wider
atmospheric and oceanic circulation. = When the model uses a distribution of precipitation and
evaporation which resembles the climatology of the North Atlantic it produces quasi-periodic but
chaotic fluctuations on a decadal time-scale. The NAO could be related to this phenomenon as it
clearly has a significant impact on deep water formation (37).

This modelling work has also received indirect support from the latest set of Greenland ice-
core data (Greenland Ice Sheet Project 2, GISP-2). Results from these data have shown that the
climate can change dramatically in just a few years. Observations of both the amount of dust in the ice,
which is correlated with average temperature (32), and the amount of snow that fell at the end of the
last Ice Age (33) show abrupt and substantial changes. In particular, the dust levels show frequent
rapid and chaotic fluctuations between mild and cold conditions in as little as 3 to 5 years, and often
lasting only for a decade or so. This led to the phrase a ‘flickering switch’ being used to describe this
behaviour, which bears a marked resemblance to the models of thermohaline circulation in the North
Atlantic. While there remains a considerable challenge to explain how changes of this scale could
happen so rapidly, this recent combination of modeliing and observations shows how swiftly the subject
of climatic change is developing.

In Service Life Prediction of Organic Coatings; Bauer, D., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



42

(9,) Ajewouy ainjesodwa} [eqo|9

JOYY [erwoulq oA~ [Z ® YIm payioows
9681 2ouls Afewoue ainjeradwa) [8qof3 [Enuue sy} (0) pue “ISNY [EOUIq JeSA-1Z B Suisn payjoows
Jaquinu jodsuns fenuue 3y1 (q) ‘Q0L1 2ouls Jaquinu jodsuns [enuue Y3 () Sumaoys saan) ' anSig

JeaA

-
-

g

0s61
0061

0081
0sLL

}-

SL0

00.L}

§0- | _ i } 1 ﬂ

001

174

/

S0

€00U0°22/0-666T-0/TZ0T 0T :10p | 666T ‘ST |11dY 2%eq uoeaIgnd

0si

— 002

—— 09T

Jaquinp jodsung jenuuy

In Service Life Prediction of Organic Coatings; Bauer, D., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: April 15, 1999 | doi: 10.1021/bk-1999-0722.ch003

43

Conclusions

This limited review of the search for weather cycles and the explanation of quasi-periodic and chaotic
variations in the climate suggests that the prospects for long term predictions are not rosy. With the
exception of the 20-year cycle, which can be found in many records, the classic search for cycles has
made little progress in recent decades. In contrast, the analysis of the feedback processes in the global
climate has grown apace. These advances have, however, highlighted the complexity of the interactions
and raised real doubts about whether useful forecasts can be made over periods longer than a year or
so. The best that can be said is that when there is a major disturbance in the climate system it can
produce a decaying quasi-cyclic response which behaves in a more predictable manner for an oscillation
or two before disappearing back into the noise. This conclusion will be put to the test as events unfold
in the equatorial Pacific following the sudden onset of a strong El Nifio during 1997.

Parallel investigations of non-linear systemns (chaos theory) have combined with increasing
evidence of the capacity of the climate to switch between different states abruptly and frequently to
show that even more erratic behaviour is possible.  These changes are by definition wholly
unpredictable: we can only hold our breath and hope that neither natural fluctuations nor human
activities trigger any such dramatic shifts.  Against this uncertain background the safest course for
planners is to work on the basis of climatological statistics, taking account only of global warming
should it continue as predicted and its implications for extremes become apparent.
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Chapter 4

Application of Spectral Weighting Functions in
Assessing the Effects of Environmental UV Radiation

P. J. Neale

Smithsonian Environmental Research Center,
P.O. Box 28, Edgewater MD 21037

Abstract

The energy distribution of solar ultraviolet (UV) radiation reaching the earth’s
surface is a strong function of wavelength, and the spectral distribution is a function
of several climatic parameters, including ozone concentration. Similarly, most
chemical and biological effects of UV also show wavelength dependence with
generally greater effectiveness shown by shorter wavelengths. Prediction of the
effects of UV exposure requires specification of effectiveness as a function of
wavelength, i.e. a spectral weighting function, which is applied to measured or
modeled irradiance spectra. Two basic types of spectral weighting functions are
action spectra and biological weighting functions. Action spectra are based on
responses to monochromatic exposure while biological weighting functions are based
on polychromatic (differential broad band) techniques. Experimental and analytical
techniques for determining spectral weighting functions are briefly reviewed.
Though polychromatic approaches have mainly been applied to predicting the
biological effects of UV, possible application to chemical effects, including aging of
surface coatings, is also discussed.

The photochemical activity of the ultraviolet radiation (UV, 280-400 nm) in
solar irradiance reaching the earth’s surface has a number consequences for materials
and organisms in the environment. Some of these consequences directly affect man
and society. Degradation of coatings on environmentally exposed surfaces such as
that of buildings or vehicles is the focus of this symposium, but there are also
significant human health effects of UV exposure, such as sunburn and cancer.
Environmental UV has other effects which do not directly impact man, but are
nevertheless significant from a global perspective, such as UV effects on
photosynthesis and growth of micro-organisms. Over the last couple of decades,

© 1999 American Chemical Society 45

In Service Life Prediction of Organic Coatings; Bauer, D., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: April 15, 1999 | doi: 10.1021/bk-1999-0722.ch004

46

concern over UV effects has intensified due to observations of stratospheric ozone
depletion, which selectively increases solar radiation in the short wavelength UV-B
(280-320 nm). Although attention frequently focuses on the relationship between
UV and the ozone content of the atmosphere, UV intensity and spectral distribution
are also strongly affected by other climatological factors such as sun angle, cloud
cover, and aerosols. The spectral variation in natural UV radiation is important
because most effects of UV are a strong function of wavelength. Usually, the
effectiveness of UV increases as wavelength decreases. Thus, the wavelengths most
enhanced by ozone depletion also have the highest potential (per unit energy or
photon) for inducing effects.

The strong spectral dependence in both environmental UV and responses to
UV necessitates a spectral dimension to any predictive approach to assessing UV
effects. The primary requirements are UV spectral irradiance with high resolution
(1-2 nm) and estimation of spectral weighting functions for the effect(s) of interest.
Spectral UV irradiance is measured by a spectroradiometer which resolves the
spectral structure of solar irradiance with a diffraction grating or interference filters.
The latter approach is used by the Smithsonian SR-18 spectroradiometer(1).
Contributions elsewhere in this volume present further discussion of radiometer
design and use [refs as appropriate]. If spectral measurements of sufficient
resolution are lacking, another possibility is to use a spectral irradiance model (2).

This contribution discusses spectral weighting functions, how they are
determined and how they are applied. A spectral weighting function (SWF) is
simply any continuous measure of UV effects as a function of wavelength. Two
specific types of SWFs are action spectra and biological weighting functions. Action
spectra are based on responses to monochromatic irradiance and are defined for both
biological and chemical effects. Biological weighting functions are determined under
broad band (polychromatic) irradiance. The implications of this difference will be
discussed in detail.

Spectral weighting functions scale an irradiance spectrum for its effectiveness
at producing an outcome of UV exposure. The concept is analogous to computing a
weighted average in that the shorter (more damaging) wavelengths of the spectrum

are given greater emphasis:
700 nm

E" = ) &(A)-E()-AL ).
A=280nm

where E” is effective irradiance (dimensionless), E(A) is irradiance at each
wavelength (mW m™ nm™) and the &(1) are the scaling coefficients (mW m?)™).
The coefficients, £(1), are the spectral weighting function; generally they increase in
magnitude (effect per unit irradiance) as wavelength decreases (Fig. 1). An
alternative approach is to define weighted irradiance, ., with units (mW m?)q, in
which case the coefficients, &(1), are dimensionless. The weighted exposure (£ *or
E.) is the quantitative measure of the effectiveness of the original E(1) spectrum.
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Action spectra are one type of function that can be used to define &(4) in Eq
1. An action spectrum is defined by measuring the response to narrow-band
(monochromatic) radiation at many wavelengths and plotting the results as a function
of wavelength. However, the precise determination of an action spectrum is a
demanding exercise for which reason there are few action spectra for UV responses.
Coohill (3) discussed six criteria that are required for analytically useful action
spectra. The criteria include transparency of the sample at the wavelengths of
interest, minimization of scattering, and reciprocity - the equivalence of intensity and
time in determining total exposure. The criteria are all directed towards being able to
quantitate exactly the energy incident to and absorbed by a chromophore. When this
is possible, and the chromophore absorption is known, the quantum yield of UV
effects on the process can be calculated as

=2 @

where y(1)is quantum yield (moles photoproduct per mole of absorbed photons),
and (1) is the action spectrum (moles photoproduct per unit exposure) and 4(4)
(moles photons absorbed per unit exposure) is the absorption spectrum. The
advantage of estimating a quantum yield is that it is a fundamental constant that will
be unaffected by other exposure conditions.

The requirements for precise action spectrum determination can usually be
satisfied for investigations of chemical processes in transparent aqueous media, but it
can be more difficult to define action spectra for biological processes and chemical
processes in complex materials. Light scattering and absorption by structures and
molecules other than the target chromophore is usually high in these latter contexts.
Thus, even if we know that a certain effect is based, say, on UV damage to DNA, it
is difficult determining how much UV is absorbed by the DNA within the organism
because of absorption and scattering by surrounding tissue. Moreover, for UV
effects on many physiological processes, the candidate chromophore(s) are either
uncertain or unknown. Finally, using action spectra as measured by monochromatic
radiation implicitly assumes that each waveband (AA) contributes independently to
the overall effect, i.e. that there is no interaction between different wavebands. For
some photochemical effects, this is probably not a bad assumption.

In contrast to chemical processes, UV effects on in vivo biological processes
usually involve interactions between spectral regions. A simple example of how
interactions can occur is for in vivo damage to DNA. Illumination with UV-A and
blue light induces photorepair of DNA (4,5), so net DNA damage by UV-B in intact
organisms depends on whether the UV-B is accompanied by longer wavelength
background irradiance (5). Thus to obtain experimental results that are more
representative of biological responses to environmental UV, measurements are made
using treatments composed of a range of wavelengths, i.e. with a polychromatic
source. One approach is to add monochromatic UV to a broadband background,
which shows how much each wavelength enhances a baseline response. This
approach retains the precision of an action spectrum, but is still quite unlike natural
illumination (3). A more realistic polychromatic approach is to generate a set of
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spectra that employs cutoff filters, i.e. a series of filters that pass longer wavelength
light starting at successively shorter cutoff wavelengths. Here, short wavelength
light (e.g. UV-B) is always added to a background of higher intensity, long
wavelength irradiance (UV-A and visible), as is the case with solar irradiance. The
tradeoff for greater realism is that effects can no longer be precisely attributed to
specific wavelengths. Instead, the weights are composites of the effects at that
wavelength and the interactive effects of other wavelengths (3)>. These empirical
weights are referred to here as ‘biological weighting functions’ (BWFs). BWFs have
also been referred to as polychromatic action spectra (3) or sometimes no specific
distinction was made between an action spectrum and a BWF [i.e. both are ‘action
spectra’ (6)].

Biological weighting functions were identified some time ago as a primary
research objective if the effects of ozone depletion were to be understood.
Considerable effort has therefore been directed towards developing experimental and
analytical approaches to defining BWFs. The next sections discuss approaches to
BWEFs, followed by consideration of how those techniques may be applied in non-
biological (i.e. chemical) contexts.

BWF Methodology

The basic approach for obtaining environmentally relevant BWFs is to
measure responses to polychromatic irradiance treatments as defined by cutoff filters
(Fig. 2). The particular method used to measure UV effects will depend on the
process being studied. However, common elements to all experimental protocols are
the choice of UV source and the number of filters used. Sources that have been used
include filtered incident solar irradiance alone, solar irradiance supplemented by UV
lamps, and solar simulator (xenon arc) lamps. Solar simulators can approximate the
spectral distribution of solar irradiance, but no artificial source is completely
accurate. Spectral features of solar irradiance at the earth’s surface that are difficult
to simulate are: 1) the sharp drop in energy with wavelength in the UV-B (7), and 2)
the high ratio of UV-A and visible to UV-B. Fluorescent UV lamps, which have
wide commercial availability due to their use as tanning lamps, have much higher
amounts of short wavelength UV-B than found in solar irradiance even after filtering
through cellulose acetate sheets to remove the UV-C component (8). Since the BWF
weight at any wavelength implicitly includes interactions with other wavelengths,
there can be some question about the capability of a BWF that was estimated using
artificial sources to predict responses to solar irradiance. On the other hand, use of
solar irradiance alone provides little reliable variation in the shortest UV-B

? In theory, interactive effects could be directly, and precisely, accounted for by adding coefficients
for cross-products of irradiance at different wavelengths to Eq. 1. But in most cases the specification
of the relevant cross product coefficients would be an arduous, if not impossible, experimental

objective.
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Figure 1. Examples of spectral weighting functions for biological processes. Shown
are the SWFs for UV inhibition of chloroplast activity (27), inhibition of
photosynthesis in Antarctic phytoplankton (17), inhibition of photosynthesis in a
laboratory culture of phytoplankton (diatoms) (22), photodamage of DNA in alfalfa
seedlings (28). Functions are compared by setting weight at 300 nm equal to one.
Figure 2. Examples of polychromatic treatment exposures produced by passing light
emitted by a xenon arc lamp through Schott long-pass cutoff filters with nominal
50% transmission wavelengths of (from right to left): 280, 295, 305, 320, 335, 345,
365 and 400 nm. Spectra have been normalized to 1 at 395 nm. Adapted from (23).
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Figure 2. Examples of polychromatic treatment exposures produced by passing light
emitted by a xenon arc lamp through Schott long-pass cutoff filters with nominal
50% transmission wavelengths of (from right to left): 280, 295, 305, 320, 335, 345,
365 and 400 nm. Spectra have been normalized to 1 at 395 nm. Adapted from (23).
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wavelengths (< 305 nm), though the rotation of the ozone hole provides a natural
source of spectral variation in Antarctica (9). The best test of the predictive power of
a BWF is to compare predictions to observations in an independent set of response -
irradiance observations (10).

Materials used for long-pass cutoff filters include Schott filter glass and various
types of other glasses and plastics. Schott filter glass is the best choice from the
standpoint of durability and optics, however it is expensive and some filter types are
no longer manufactured. Other materials used include acrylic sheet (‘Plexiglas’),
mylar, and polycarbonate. It is well to keep in mind that cutoff properties vary
between manufacturers (11) and have to be monitored through any experimental
period. Choice of the number of filters used is a tradeoff: resolution will improve as
the number of filters is increased but there are practical limits to the number of
spectral treatments. Typically, filter cutoffs are spaced at 10 to 20 nm intervals.
Finally, determining a BWF, and its subsequent application in any other context,
depends directly on defining spectral irradiance at adequate resolution. Because of
the typical steep slopes of spectral weighting functions in the UV-B (e.g. Fig. 1),
resolution should be at least 2 nm.

Analytical considerations

Calculation of an action spectrum is unambiguous: effect is related to
exposure at each wavelength. Calculation of a BWF is more complex. As for an
action spectra, one starts with a set of responses and their associated treatment
spectra (e.g. Fig. 2). There are three strategies that can be used to derive a spectrum:
1) simple difference, 2) adjusting an assumed function, and 3) component analysis.
In general, the data show an increasingly greater overall effect as successively shorter
wavebands of UV are transmitted to the treatment. A simple analysis is to order the
results by irradiance of UV exposure (mW m™) and to compute the difference in
effect between successive treatments. Then the biological weight for each waveband
is estimated as the differential effect divided by the difference in energy between the
treatments that include and exclude that waveband. However, as Rundel points out
(12), the estimated weight may be inaccurate if the actual response changes rapidly
over the wavelengths for which the treatments differ, this could be the case if the
differential bandwidth exceeds 10 nm in the UV-B or 15-20 nm in the UV-A.
Moreover, there is no objective method to determine the effective center wavelength
for a weighting without already knowing a high resolution spectrum.

~ The advantage of the difference method is its simplicity, and it was used to
estimate useful, albeit crude, BWFs for the effect of UV on photosynthesis by
suspended microalgae (phytoplankton) in the oceans around Antarctica. Smith et al
(16) measured in situ photosynthesis under a visible, visible + UV-A and
visible+UV-A+UV-B for phytoplankton from the Bellingshausen Sea (9). The
simple difference method was used to calculate what is, in effect, a two point BWF.
A greater number of spectral treatments (four-five) was used in exposures of coastal
Antarctic assemblages of phytoplankton (13-15). Despite the limitations of the
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difference approach, these initial results were useful in obtaining the first estimates
of the relative increase of biologically damaging irradiance associated with Antarctic
ozone depletion.

The only way to improve upon the coarse resolution of the difference method
is to make some assumption about the shape of the BWF. The overall concept is to
start with a spectral ‘template’ and adjust it so as to best mimic the observed
responses to the spectral treatments. There are several variations on this approach,
which mainly differ in how modification of the template is constrained. An approach
that tightly constrains the BWF is to assume that the BWF is similar in shape to an
already known action spectrum. A good example is the pioneering study of Smith et
al. (16) on the spectral sensitivity of marine photosynthesis to UV. The relative
change in photosynthesis in each treatment was compared to irradiance weighted by
spectral weighting functions for DNA damage and inhibition of chloroplast electron
transport (Fig. 1). Inhibition was more closely predicted by the latter weighting
function. The authors did formulate a dose-response relationship based on
chloroplast spectrum but were cautious in assigning general significance to this
result: they did not conclude that the chloroplast spectrum predicts effects of UV on
marine photosynthesis, rather that the DNA spectrum was not an acceptable
predictor. Now that more detailed BWFs have been estimated for UV inhibition of
phytoplankton photosynthesis, it does appear that constraining the shape of the BWF
may have lead to a substantial underestimation of the weights in the UV-B (17).

Constraining the BWF to the same shape as a pre-existing action spectrum is
probably only necessary if a limited number of spectral treatments are used (three in
the case of Smith ef al., (16)). If a larger number of treatments is available, the
constraints can be relaxed. A general property of most action spectra is an
approximate log-linear decrease in weight as wavelength increases (12,18). Thus, a
simple, but general, template for a BWF is an exponential function, i.e. &A1) o< e s
with the characteristic log-linear slope (a) to be determined for each particular BWF.
The slope giving the best fit to observed response can be readily estimated using
nonlinear regression (19). Behrenfeld et al. (18) used this approach to estimate a
generalized BWF for UV-B effects on photosynthesis by phytoplankton. However, a
single log-linear slope is not apparent in other BWFs for inhibition of
photosynthesis, even when just considering weights for wavelengths < 340 nm: (Fig.
1). If a single log-linear slope is assumed, even though multiple slopes are present,
then the fitted slope will correspond to the spectral region that contributed most to
the differences between experimental treatments (8,17). For example, the Behrenfeld
et al. analysis could have been relatively insensitive to variation in weights in the
longer UV-B, since it emphasized explaining the relative decrease between
treatments in which spectral irradiance differed primarily at wavelengths shorter than
310 nm (18).
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Rundel recognized that BWFs could have a more complex shape than a single
log-linear slope and advocated using a more generalized exponential function (12),
e.g., that the natural log of the BWF is a polynomial:

6’(/1) — e-(an +ad+a? +..) (3.3)

Many BWFs can be approximated by such a general exponential function (20).
Again, the parameters for the BWF polynomial (a;) can be estimated by non-linear
regression. A complete analytical protocol is given by Cullen and Neale (8). The
constraints on the template can be even further relaxed by introducing thresholds,
offsets (which allow negative weights), etc (12), but these complexities place
additional statistical demands on the base data set. The principle of Occam’s razor
always applies: the model should be chosen to explain the most variation possible
with the least number of parameters. The regression results can also be used to
estimate the uncertainty in the BWF, based on the technique of propagation of errors
21).

A third method of estimating BWFs places a minimum of constraints on the
template. In this technique (8,22,23), UV spectral irradiance in each treatment is
analyzed by Principal Component Analysis (PCA) to generate up to four principal
components (essentially, statistically independent shapes defined by weights for each
wavelength) which account for nearly 100% of the variance of the treatment spectra
relative to the mean spectrum. Component scores (the relative contribution, c;, of
each principal component, i, to a given UV spectrum, normalized to total visible
irradiance, 400 to 700 nm) are derived for each of the treatment spectra. The
estimation of the BWF then proceeds by non-linear regression as for the Rundel
method, except that the parameters estimate the contribution of each spectral
component to weighted irradiance. For the case of photosynthesis, coefficients m;

are estimated such that g — g (m, + i m,c,)» Where Eyyq is visible irradiance in W m’
i=1

2, my is the coefficient for any visible irradiance effects that are not part of the
spectral treatments, plus the weight of the mean spectrum, and m, are the
contributions of the spectral components. Again, only as many components are
incorporated into the final estimate as can be justified based on variance explained.
Finally, once the m; are estimated by regression, the £(1) estimates and their
respective statistical uncertainty can be calculated via the original spectral
components. Details of the method are described elsewhere (22,23), and a step-by-
step protocol is provided by Cullen and Neale (8). An example of spectra calculated
using the PCA method are shown in Fig. 1 (Lab Diatom). Typically, the BWFs
explain > 90% of the variance in photosynthesis of 72 spectral treatments (8 cutoff
filters and 9 intensities), and the weighting functions show more complex features
than simple exponential slopes (24).
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Application of polychromatic techniques to material photodegradation

The preceding discussion has emphasized using polychromatic exposures to
obtain weighting functions for biological responses. However, these experimental
and analytical approaches may also be appropriate for chemical effects in complex
systems where different types of UV effects could be interacting. This could occur,
for example, if some of the photoreactants and photoproducts are involved in several
reactions with different wavelength dependencies. Depending on the photochemistry
involved, surface coatings may be an example of such a system. Other examples
may be in some types of photochemistry in seawater. For example, UV induces
production of hydroxyl radicals in seawater through photoreactions occurring in the
heterogeneous mixture of dissolved compounds that absorb UV (25). Therefore,
measurements of hydroxyl radical production under polychromatic exposure were
recently made at Palmer Station, Antarctica using the same incubator that previously
has been used to determine UV effects on phytoplankton (Miller, Kieber, Mopper
and Neale, unpublished data). The results will then be compared with action spectra
determined using monochromatic exposures.

The purpose of this contribution is not to show whether or not wavelength
interactions are occurring in chemical settings, but to recommend a course of action
if such interactions are known, or suspected to be, occurring. The experimental and
analytical techniques used in estimation of biological weighting functions could
easily be adapted to studying materials photodegradation, as our preliminary work
measuring seawater photochemistry has shown. The spectral weighting functions so
obtained could still be termed polychromatic action spectra to differentiate them
from analytical action spectra measured with monochromatic irradiance (as
suggested by (3)), or the term “photodegradation weighting function” may be
appropriate.

In summary, measurements of UV spectral irradiance and spectral weighting
functions are the two main requirements for determining effectiveness of
environmental UV in inducing a particular effect, whether it is reduction in service
life of a surface coating or interference in some cellular function. Another question,
not treated by this report, is how a measurement of effectiveness (£ *or E.q)is
translated into a prediction of effect on some process. The conceptual framework
for this is the exposure response curve (ERC; (26)) which is based on the kinetics of
UV induced effects. For simple chemical processes, in which availability of
substrate is not limiting and there are no back reactions, the response will be directly
proportional to properly weighted UV dose and reciprocity (equivalence of time and
intensity in determining dose) will apply. In contrast, biological processes can have
highly non-linear kinetics (17). Under these circumstances, reciprocity fails and
predicted effects will depend on the intensity as well as the duration of exposure.
Examples of different types of exposure response functions are described by Neale

17).
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Finally, there has been more than a decade of efforts at developing models to
predict the effect of ozone depletion on biological processes and this has resulted in
steady advances in the comprehensiveness and resolution of the models. It is hoped
that some of these principles and approaches can be adapted to solve problems in
prediction of UV effects on materials.
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Chapter 5

Statistical Analysis of Spectral UV Irradiance Data
Collected at Ocean City, New Jersey

Nairanjana Dasgupta’, Jonathan W, Martin’, and Xiaomei Guan'

'Program in Statistics, Washington State University, Pullman, WA 99164
National Institute of Standards and Technology, Gaithersburg, MD 20899

The goal of this study is to find a statistical model to study the
dependencies among wavelengths. 2 nm half band pass solar spectral
ultraviolet measurements were made at twelve-minute intervals for
each of 18 wavelengths from 290.2 nm to 323.6 nm from April to
September 1996 in Ocean City, NJ. Two data sets, the daily
maximum and the hourly mean irradiance were created from the raw
data. Auto-regressive models and transfer function models were used
for both data sets. For the analysis 305.9 nm was chosen as the
explanatory variable to predict 291.5 nm which was the response
variable. For the final auto-regressive models R” values of .89 and
.96 were obtained for the daily maximum and hourly mean data
respectively. The forecasts from both models were reasonably good.
This study will provide valuable insight into design of future spectral
radiometers for characterizing solar ultraviolet radiation.

There is a growing concem in the scientific community and the public about the
harmful effects of solar ultraviolet (UV) radiation. The effects of biologically
damaging ultraviolet-B, which may be a consequence of stratospheric ozone
depletion, are of major concern. As a consequence, several agencies in the world
are collecting spectral UV radiation data.

The present analysis examines data collected by a spectro-radiometer
designed and constructed by the Smithsonian Environmental Research Center which
measures spectral UV-B data continuously in 18 wavelengths centered at nominal 2
nm increments from 290 to 324 nm. The 18 wavelengths are determined by
interference filters that, for the instrument used, had actual center wavelengths of
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290.2, 291.5, 294.0, 296.1, 297.9, 300.0, 301.4, 303.9, 305.9, 307.7, 309.8, 312.4,
314.3,315.7,318.4, 320.1, 322.1, and 323.6 nm. Detailed information on the design
and performance of the instrument are given in (). Measurements were made from
April 30, 1996 to September 14, 1996 in Ocean City, New Jersey. The data were
initially acquired at intervals of 4 s, and averaged to 1 min. Archived data were
corrected for drift between initial and final calibrations (generally less than 5% over
the operation period), and used to calculate 12 minute averages. Irradiance data
were measured in (J/m*%nm/min)/mVolt.

It is of interest to study the dependencies among the various wavelengths.
The purpose of this research is to understand the “statistical” properties of UV
irradiance data and use the relationships to predict and forecast UV irradiance based
on the time of day and irradiance at another wavelength. This may offer valuable
insight in future design of spectral radiometers for characterizing solar ultraviolet
radiation.

The irradiance data are in two dimensions, wavelength and time. Figure 1 is
a graph of the data of the selected wavelengths of 305.9 nm and 322.1 nm, over 15
days. Similar graphs can be obtained for the other wavelengths from 290.2 nm to
323.6 nm. It is evident from Figure 1 that a high correlation exists between
irradiance at different wavelengths and time of day. Table I below is a table of
Pearson correlation coefficients calculated over 129 days of data over selected
wavelengths. The correlation ranges from .89- .99 indicating a strong positive
relationship among the selected wavelengths.

From the raw data that were collected every twelve minutes, two summary
data sets were created for statistical analysis. The first one is of maximum daily
irradiance. This is a relatively small data set that is easily handled. This can be
thought of as the first step in the analysis. The second data set was compiled
averaging the data for each hour. Though considerably smaller than the raw data, it
provides detailed information. The irradiance for the non-daylight hours of the day
were assumed to be zero. Both the described data sets effectively summarize the
raw data while dealing with problems like missing values.

TABLE 1. Pearson correlation coefficients calculated for selected wavelengths
wavelength (nm) 290.2 2915 305.9 307.7 322.1 323.6

290.2 1.000  0.965 0.988 0.990 0.978 0.977
2915 1.000  0.965 0.955 0.895 0.892
305.9 1.000  0.999 0.967 0.965
307.7 1.000 0977  0.976
3221 1.000 0.999
323.6 1.000
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Statistical Methodology

From Table I and Figure 1 it is evident that there is a strong correlation between
different wavelengths. This suggests that one may use a simple regression model to
predict the irradiance of one wavelength based on another. Multiple regression is
not a good practice since any two wavelengths used as explanatory variables will be
highly correlated (as seen in Table I). This will pose difficulties in building
confidence limits for the estimated coefficients and predicted irradiance values.
Predictions for wavelength 315 nm based on knowledge of 305 nm and 325 nm
have been investigated (2). Though predictions from these models are good, the
errors are auto-correlated and multicollinear.

The strategy of this analysis is to combine time series analysis done in
the past (3-5) and the idea of regression analysis (2). Irradiance at 305.9 nm
channel, will be used as an explanatory variable to model and predict irradiance at
291.5 nm channel, while taking into account the time series nature of the data. The
choice of these wavelengths was arbitrary. 305.9 nm was chosen as one of the
middle wavelengths and 291.5 nm was chosen since it was one of the shorter
wavelengths. Results from this choice of wavelengths will be discussed in detail. R*
values obtained from different choices of the explanatory variable will also be
mentioned. Two different approaches will be used, auto-regressive method and
transfer function method. Details of both these methods are provided in (6-8). A
brief description of the methods is provided below.

Auto-regressive method. In this model, at time t, the response Y,, is
written as a linear function of the explanatory variable, X,, and a dependent error, &,.
The current value of the error, ¢, is expressed as a finite linear aggregate of k
previous values of the process and a random white noise, v,. The kth order auto-
regressive process can be written as

Ye=Bo+Bix, + & 2.1
&= P Eut Pt tpextw

The white noise, v, , is assumed to have 0 mean and constant variance and be
uncorrelated over time. To fit this model one needs to find the order, k and estimate
the k parameters in (2.1). To determine the order k, auto-correlation functions
(ACF) and partial autocorrelation functions (PACF) (7-8) and plots are used. The
parameters, p,, ..., P, are estimated using generalized least squares methods (9).

To measure the adequacy of the model (2.1) for the given data, various
diagnostics checks can be performed. These include the Q-statistics, which follow
the chi-square distribution approximately (7-8). For a desirable model, the
calculated Q-statistics should be less than the chi-square critical point. When more
than one model satisfies the model adequacy conditions, the model with the highest
R? is the “most desirable” model. Based on the model (2.1), y, can be predicted and
confidence limits can be obtained for the in-sample and out-of-sample forecasts.
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Transfer function model. A single-input, single-output transfer function model is
also called the ARMAX model. In this model, it is assumed that the spectral
irradiance at wavelength X is linked to the spectral irradiance at wavelength Y. It is
further assumed that a change in X affects the change in Y after a time delay; that is
the change in Y lags the change in X. The form of the model is follows:

=v(B)x,*n (22)

i w(B)
v(B)= Z VB 55 B

where y, is the output series and x, is the input series and n, is the noise, @(B) is a
polynomial in B for moving average terms and 5(B) is a polynomial in B, for auto-
regressive terms. B is back shift operator and b is a delay parameter representing the
actual time lag that elapses before the input variable produces an effect on the
output variable. The first step in the analysis is ‘pre-whitening’ the input x,. This
involves time-series analysis of the input x, using the ACF and PACF to identify its
order k, and estimate its stochastic process. Prewhitening, xt, transforms the error
term, n, to the new process, €. The next step is to identify and estimate the transfer
function v(B) using the cross-correlation function, CCF, (8) along with auto-
correlation function (ACF) and partial auto-correlation functions (PACF).

For a desirable model, the sample cross-correlation function between the
pre-whitened input series, x,, and the final error terms, ¢,, should show no patterns.
As a diagnostic measure, the modified Q, statistic (8) is calculated. This is
compared to the corresponding critical value of the chi-square distribution and a
calculated value less than the critical value indicates an appropriate model. When
more than one model satisfies the model adequacy conditions, the model with the
smallest AIC is the “most desirable’” model.

The main difference between transfer function method and the regression
method is that transfer function models use forecasted values of the explanatory
variables to forecast values of the dependent variable. The variability in the
forecasts of the explanatory variables is incorporated into forecasts of the dependent
variable (8). Hence, the confidence intervals for the out-of-sample forecasts will be
wider in this situation.

Analysis of the Daily Peak Values

Due to the short duration of the Ocean City, NJ, data, a statistical
analysis without any yearly or seasonal adjustment, of daily peak values is
undertaken. For the analysis the explanatory variable is the wavelength 305.9 nm
(MAX306), and the response variable is the wavelength 291.5 nm (MAX292).

Auto-Regressive Method. Serial correlation is expected since the
regression is performed with time series data. It is reasonable that the irradiance of
consecutive days will be related. So the auto-regressive procedure with a lag of 1 is
used in our analysis to correct the auto-correlation. The estimated model is
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MAX 292 =-0.000573 +0.000673(MAX 306) + ¢, @3.)
& =-0.436877 ¢, t v,
R>=0.89

The parameter values are all statistically significant at (p-value=.05). The calculated
Q-statistics are all less than the corresponding chi-square critical values. This
indicates that the model (3.1) adequately fit the data.

The forecasts for MAX292 are plotted in Figure 2. In order to check the
forecasting ability, the last 3 days of our available data are not used in our model
building stage, so the forecasts for the last 3 days are out-of-sample forecasts.
Actual peak values for wavelength 292 nm can be compared with the predicted and
forecasted values of wavelength 292 nm. From Figure 2, the within sample
predictions captured the original trend of the observed variable (MAX292), but the
out-of-sample forecasts did not give good results compared with the real
observations.

Transfer Function Model. Given the short time period, the solar spectral
irradiance is assumed stationary both in the mean and variance. The ACF and PACF
for the explanatory variable, MAX306, are used to pre-whiten it.

Based on the auto-correlation and partial auto-correlation, the fitted
model can be written with back shift notation as

&=(1-0.2548 B-0.1989 B"')(MAX 306, - 3.3247) 3.2)

The parameters for this model are statistically significant (p-value=.05) and the Q-
statistics were less than the chi-square critical value (p-value=.05). A
“contemporaneous relationship” (delay parameter, b=0) is detected from the cross-
correlation between input MAX306 and output MAX292. This indicates that a
change in the variable, X, causes a change in the variable, Y, in the same time
period. The final transfer model with the smallest AIC is estimated as

MAX 292 = -9.6x10*+6.9x10*/(1-0.056 B- 0.068 B2) MAX 306 (3.3)
+£,(1+0.36B)/(1-0.056 B)

In this fitted model, the error process is an ARMA (1,1) model. Model adequacy is
verified using the modified Q, statistic. The forecast and the observed peak values
of wavelength 291.5 nm are shown in Figure 3. The forecasts are not as close as the
auto-regressive model. However, auto-regressive models assume knowledge of
explanatory variables for out-of-sample forecasts. Thus, the transfer function model
is more useful than the regression method since it can provide forecasts for both the
input and output series.

Lack of seasonality in the data set is definitely a drawback and also the very
limited nature of the data could account for the poor forecasting results. For
preliminary results with four months’ data, the forecasts are reasonably good.

In Service Life Prediction of Organic Coatings; Bauer, D., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



62

"(x0301paxd se WU 'SOE PIM [OPOW dAISSaIFaI-0lne Juisn) WUG' [ 67
Te SoueIpeL] AJTe( WNWITXEA] 0] SON[eA PIAISSGO PUe PaldIpalq 7 am3ig

SADp Ul oWl |

oriL 0Ocl 001 08 09 Oy 0c¢ 0

ekl el el —————

L +000 0—
| L 2000 0—
] . oooo0
i 120000

I (f fro000
w i 9000°0
L 20000

1 otoo0
121000
,, 71000
91000

v AR L 21000
| 02000
\ 22000
A %2000
L 92000

L 82000
0£00°0
28000

YOA W /(ulw /uiu /zw /) Ul @0UDIPDU|

G00UD'2220-666T-0/TZ0T 0T :10p | 666T ‘ST |14dY 2keq uoedl|gnd

In Service Life Prediction of Organic Coatings; Bauer, D., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



63

(101paxd se W 6°GOE PIM ‘[SPOUI UONDUNY I9JsUeR FuIsn) WS [ 67
e oueIpeL] A[Te(] WNWIXCA JOJ SAN[EA PIAIISQO PUR PAPIPAI ¢ amSig

sADD ul Wl

ovL 0cL 00l 08 0

L el —

9 oy 4 0

.,.. 1 2Z0000-
| | [00000
I

L

Z000'0

, lf 1 #0000
_ __ 90000
80000
01000
Z100°0
, %1000
| | 91000
\ ) 81000
* N 02000
any | 22000
. L 42000
VI L 92000
2200°0
_ L0000
Z£00°0

YOA W /(utw /wiu /zwl /) Ul 80UDIPDA|

G00UD'2220-666T-0/TZ0T 0T :10p | 666T ‘ST |14dY 2%eq uoedI|gnd

In Service Life Prediction of Organic Coatings; Bauer, D., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: April 15, 1999 | doi: 10.1021/bk-1999-0722.ch005

64

Analysis of Hourly Irradiance

From Figure 1, the daily cycle is obvious since at all wavelengths, the
intensity reaches a maximum around noon and falls to low values in the morning
and evening. The significant cyclical component of the solar hourly irradiance must
be adjusted before any statistical analysis is done. The method suggested by (10) is
adopted in this paper. The hourly means of irradiance at all wavelengths for each
month is calculated and treated as the steady periodic component of irradiance for
each wavelength. This periodic component of solar irradiance is assumed to be
deterministic. Residual time series are formed by subtracting these steady, periodic
components from the originally measured hourly series. Hence, the hourly
irradiance residuals, instead of original hourly data, are used in the following
analysis.

The dependent variable or output variable is RES292 (from 291.5 nm),
the explanatory variable or input variable is RES306 (from 305.9 nm), both of
which are hourly irradiance residuals. The last day of the available data is left out of
the model-building process to check the forecasting ability of the built model.

Auto-Regressive Method. In order to detect the lags that cause serious
serial correlation, the auto-correlation for the residuals of the regression of RES292
on RES306 is studied and the finl model is given as:

RES292, =-1.8x107+0.000478 xRES 306, *+ &, 4.1
&=-1.173,10.722 £,,-0.196 £,5:-0.137 g, s + v,
R2=0.96

Diagnostic checks, discussed earlier, indicated (4.1) adequately fitted the
data. The forecasts for the irradiance are formed by the sum of the forecasts for the
residuals and the steady periodic component. The forecasts generated by the above
regression model along with the observed irradiance for wavelength 291.5 nm are
plotted in Figure 4, and the lower and upper 95% confidence limits along with the
observed hourly irradiance for wavelength 292 nm are given in Figure 5. The
observed irradiance lies well within the constructed 95% confidence limits for the
predicted as well as the out-of-sample forecasts.

Transfer Function Model. The transfer function model is used with
RES306 is the input series and RES292 is the output series. The auto-correlation
and partial auto-correlation for RES306 are studied. The estimated model is
expressed as follows:

& = (1-1.08419 B+ 0.23312 B>+ 0.04522 B*)(RES 306, - 0.0002238) “4.2)
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Diagnostic checks, discussed earlier, were performed to verify that (4.2) fitted our
data. The final transfer function model is given as:

RES 292 = -3 85°%+(0.00048 /(1 - 0.0085 B+ 0.0316 B)) RES306 (4.3)
+£/(1-1.175B+0.726 B2-0.197 8- 0.138 B?)

The error process for the transfer function model is found to be an AR
process, which included the same lags as the above auto-regressive method.
Forecasted lower and upper 95% confidence limits are generated using the
fitted model in Equation (4.3) and are plotted in Figures 6 and 7 after taking into
account the steady periodic component. The confidence limits captured the observed
values. The 95% confidence limits for the out-of-sample forecasts were wider than
the auto-regressive model.

Summary

The purpose of this study was to see if knowledge of irradiance of one wavelength
would allow effective predictions of irradiance on another wavelength. Solar
spectral irradiance data collected at Ocean City, NJ was used.

The daily maximum data was used as the first step. The predicted and
forecasted values for both the methods were reasonably close to the observed
values. Auto-regressive method had a R>=89%. The “best” transfer function
model was picked based on AIC and Q, statistic.

For the hourly data, which provided more detailed information, the
predictions and forecasts were much better. 95% confidence limits captured the
observed irradiance for both models. Auto-regressive method had a R>=96%
indicating good predictability.

The choice of 306 nm as the explanatory variable was arbitrary. Hence,
similar auto-regressive analysis was done using 290.2, 305.9, 307.7, 322.1 and
323.6 nm as the explanatory variable using a saturated model of lag 24. The R?
obtained were 97%, 96%, 95%, 92% and 91% respectively. This reiterates the
observation that the closer the explanatory variable is to the response variable the
better the prediction. This indicates wavelengths, which are only 2 nm apart closely
resemble each other, and using one it is easy to get very good predictions of the
other. However, wavelengths that are 20 nm apart do a reasonably good job in
predicting irradiance. Since the R? obtained for predicting 291.5 nm based on 323.6
nm is 91%.

In summary, with data for separate wavelengths instead of daily or hourly
total irradiance data integrated over all wavelengths, this study showed that the
irradiance at all wavelengths are highly correlated and the prediction of one
particular wavelength using information on the other one is valid in statistical sense.
The forecasts produced by these methods are reasonably good especially for the
hourly data. It can be assumed that results for the daily maximum data would
improve with the incorporation of more data over time.
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Future analysis will show to what extent statistical models vary between
sites and between seasons. The results of this analysis provide insight into the
design of spectral radiometers in the future. Such design takes into account not only
the minimum channels that need to be included to characterize the spectrum, but
also the desirability in practice of a certain amount of redundancy in the data set to
increase the reliability of detection of small changes in UV over long observation
periods.
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Chapter 6

Predicting Temperatures of Exposure Panels:
Models and Empirical Data

Daryl R. Myers

National Renewal Energy Laboratory, Center for Renewable
Energy Resources, 1617 Cole Boulevard, Golden, CO 80401

This paper discusses meteorological and temperature measurements and
heat transfer models for predicting panel temperatures as a function of
solar irradiance, orientation, ambient temperature, windspeed, and wind
direction during outdoor exposure testing. Sources of uncertainty
associated with physical measurements of meteorological and
temperature data, and the propagation of uncertainty into model results
are briefly addressed. Equations for making estimates of panel
temperatures, based on fundamental principles of time series analysis,
and radiative, conductive, and convective heat transfer from empirical
data will be presented. We will also discuss models and data used to
predict or simulate panel temperature responses in various
meteorological climates.

The thermal properties of materials and coatings and the response of these material to
the thermal environment are significant components of the degradation mechanisms for
materials. Two models for the rates at which reactions occur as a function of
temperature are those of Arrhenius:

and Eyring:

where R is the reaction rate, t is a “nominal” lifetime , k is the Boltzman Constant, A and
B are characteristic of the material or failure mechanisms, T is the absolute temperature,
and E is the activation energy for the reaction. (/) It is this exponential dependence of
the rate and lifetime on temperature that make it of critical interest.
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Correlating changes in material properties with environmental stresses induced naturally
(through outdoor exposure) or artificially (through indoor, possibly accelerated, testing)
with a given level of confidence requires knowledge of the uncertainties associated with
measurement data, and good experimental design. Predicting material responses to a
variety of conditions requires estimates of the accuracy or uncertainty of the modeled
environmental conditions and the material properties under investigation.(2,3)

Measurement Issues

Measurements of changes in material properties and temperature data are the basis for
studying the effects of thermal energy on material properties. Understanding the
measurement processes and their associated uncertainties is needed when analyzing and
interpreting the data. The following comments emphasize that the precision of model
calculations and results will often far exceed our measurement capabilities.

The physical realization of the theoretical concept of temperature, or thermal
energy associated with any material has long been a scientific challenge. Today’s
technological tools of electronic data loggers and sensors, make its easy to assemble a
temperature measurement system that can provide either relatively accurate, or highly
misleading temperature data.

The basic issues associated with the accuracy of temperature measurement
include the physical principle involved (changes in state or electrical properties), and
sources of error due to installation or instrumentation. For any temperature
measurement system the temperature of the sensor,, not necessarily the temperature of
the device or medium the sensor is attached to is recorded (4).

The Intemational Practical Temperature Scale (5) is realized by national
standardizing laboratories with an accuracy of approximately 0.0005 Kelvin (K). The
scale is founded on extensive sensor characterization and intemational determinations of
scale reference points (freezing, boiling, or melting points of various materials).
Secondary temperature standards used in corporate and research metrology (calibration)
laboratories can be accurate to 0.002 K. Commercial calibration standards for
temperature are accurate to 0.02 K. Commercial sensor elements are quoted with
accuracies of 0.2 to 2.0 K over the range of -40 °C to +100 °C. Table I summarizes the
level of accuracy to be expected from this range of sensors.

Table 1. Temperature Sensor Accuracies -40 ° C to +150 °C

Sensor Type | Typical Accuracy

Standard Platinum Resistance Thermometer 0.001 K (1 milliKelvin)
Platinum Resistance Thermometer 0.02K
Thermistor 02 Kto3.0K
Thermocouple 02Kto2.0K
Radiometric methods 1.0Kto 10K

The above specifications address only the accuracy of sensors. Errors associated
with self-heating by excitation currents, thermal gradients, the quality of the thermal
contact of the sensor with the material to be measured, linearity, and the accuracy of
electronic data collection equipment are ignored. Detailed uncertainty analysis to
estimate the magnitude of such error sources is required to quantitatively evaluate the
uncertainty in any measurement system.(2,3)
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Uncertainties quoted in Table I may increase by up to a factor of two, even in
well characterized measurement systems, in the presence of these additional sources of
error. Thus the accuracy of real world temperature measurements can estimated as
approximately 0.5 °C to 1.0 °C. The World Meteorological Organization (WMO)
specifies the accuracy requirements for synoptic temperature observations of ambient
temperature at 0.5 °C (6). The combined uncertainty in very good meteorological and
device temperature measurements would then be 1.0 °C to 2.0 °C.

Uncertainties of this magnitude need to be kept in mind when comparing
thermal model computations with measured data. Modern computer software and data
analysis products often display an inordinate number of significant digits which cannot
be taken at face value. An appreciation of measurement accuracy combined with
engineering judgment should be used in evaluating model results.

Heat Transfer: Theoretical Considerations

The three fundamental means of exchanging thermal energy, or heat transfer, are
conductive, convective, and radiative transfer (7,8). The first two involve physical
media, namely solids and fluids (either liquids or gases). The third is based on the
transmission, absorption, and reflection of energy in the form of photons. We outline the
basic principles of each form of energy exchange to further the understanding of the
models discussed later.

Heat Transfer Mechanisms. When there is a temperature gradient within a solid
body, the transfer rate, q , or conduction, of energy through the body is function of the
thermal conductivity, k, the area, A, and the temperature gradient normal to the area.
This is Fourier’s Law, expressed as:

=i
q ox

where the minus sign reflects the second law of thermodynamics requiring heat transfer
to be from warmer to cooler regions.

When the temperature within a body is changing with time, the rate at which
energy is transferred Qk, is a function of the mass, m, the heat capacity, cp, and the rate
of change of temperature, d T, as a function of position within the material, d X,
namely

oT
Q‘=m~cp-a}—.

Convective heat transfer occurs when a fluid (liquid or gas) receives or provides
thermal energy to a system. Newron's Law of Cooling states that the heat, g,
transferred between two a body immersed in a fluid at different temperatures, is
proportional to the area of contact and the difference in temperature:

q=h-A-(T,-T,)
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where h is the convective heat transfer coefficient, A is the area, and Ts and Tt are the
temperatures of the surface and fluid, respectively.

Thermal conductivity of solids varies as a function of temperature, generally as a
quadratic in the difference between a reference temperature and the body temperature.
For “low” temperatures (within one hundred degrees of ambient), the relationship is
generally linear: k = ko (1 + b (T-Tref)) where ko is the thermal conductivity at a
reference temperature. In applications around ambient, tabulated values of thermal
conductivity are adequate.

The transfer of energy through substrates to coatings, or in the reverse direction,
requires application of the principles of conductivity. When several layers of material
separate two different temperature regimes (in the simplest case, at steady state
conditions), superposition holds, and a sequential application of Fourier’s law is
appropriate. Integration of Fourier’s law over the thickness of a material layer results in
an expression of the heat as proportional to the difference in temperature (thermal
‘potential difference’) and inversely proportional to the thermal conductivity ( thermal
‘resistance’); namely

o= —ia BB g AT
X, — X Ax

For layers of materials in ‘series’, where the heat energy flowing out of one layer
enters the adjacent layer the continuity of the heat flow allows summation of thermal
‘resistances’ analogous to Ohm’s law for electrical resistances in series. In a two-layer
sheet of material situated in an environment with temperature T1 at side one of layer
one, and T3 on side two of layer two, assuming thermal conductivities are k1 and k2,
and thickness x1 and x2, at the boundary between the layers,

~ L=t _ &L _,
Ax, [ Ak, Ax, [ Ak,

q

Combining the two terms, the total heat flow between the regions separated by the layers
is:

L-T
Qrorar; = :
(Ax, | Ak) +(Ax, | Ak,)
The extension to multiple layers is clear.

For outdoor exposure testing of coatings and thin laminates, especially of small
samples, it is likely that thermal equilibrium is rapidly achieved due to the smail
distances (x) and areas (A) involved. For larger samples, temperature differences as a
function of position (i.e., temperature gradients) may complicate the situation.

The above equation shows that a layer of low conductivity material on the back
of a panel irradiated on the front reduces the heat flow, and the panel temperature rises
as thermal energy is stored.
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While liquids are widely used as conductive heat transfer media, they are not
addressed here, except to mention that their thermal conductivities are generally linear
functions of temperature, and independent of pressure.

Fluid Mechanics, Convective Heat Transfer, and Air. The ability of air to impart or
carry away thermal energy in exposed panels is a result of air’s thermal and fluid
mechanical properties, which are used in modeling heat transfer (8). Free convective
heat transfer is due to bouyancy forces driven by density differences in the fluid
occuring due to contact with a surface at a different temperature. Forced convective heat
transfer occurs when an extemal force (in outdoor cases, wind) moves the fluid past a
surface at a temperature different from the fluid. Table II displays the thermal properties
of the fluid of interest to us, air, at typical atmospheric pressure.

Table II. Thermal Properties of Air at Atmospheric Pressure

Parameter | Symbol | Value
Thermal Conductivity k 5.53-10%kcal /m /s K
Density p 1.17 kg/m* @ 40°C
Heat Capacity @ atm press. Cp 0.24 kcal/kg/K
k

Thermal Diffusivity * =%, 0.0929 m¥hr

_ M
Kinematic Viscosity v ——P— 1.86 m¥/sec
Free Flow Heat Transfer Coefficient h 0.001 - 0.003 kcal/ m*/sec/°C
Forced (*) Flow Heat Transfer h 0.012 - 0.020 kcal/ m?¥sec/°C

Coefficient

Useful conversion factors are 1 kcal/ m*/sec/°C = 738 British Thermal Units (Btu)/ft%hr
=4184 W/ m*/K. The parameter lim is the dynamic viscosity, kg/m-sec (9).

(*) Note ‘forced’ in this context refers to natural wind streams with velocities driven by
meteorological pressure gradients, as opposed to fans and turbines moving fluids in
pipes.

Parameterization Variables. To characterize the energy transport properties of fluids
and gases, many parameterization variables have been developed. The most important
of these distinguish the type of flow (laminar or turbulent), fluid transport or motion
properties, relations between conductive and convective heat transfer coefficients, and
buoyancy and viscosity. Table I displays common parameterization variables, their
definitions, and the fluid or flow property they represent.(see 8,9)
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Table IT1. Transport Property Parameters for Air at Atmospheric Pressure

Parameter | Symbol | Property
Reynolds Number Re = pvVL Laminar or Turbulent Flow
R,
Prandtl Number Pr= CH, Fluid Motion/Transport
k
Nusselt Number Nu= fl_l: Convective (h) to conduction (k) ratio.
Tk (conduction at interface)
Grashof Number G gPATL Buoyancy/Viscosity ratio
r= 22—
Stanton Number St= Nu Heat Transfer Related to Skin Friction
Re-Pr
V is velocity, L is length, v is the kinematic viscosity defined in Table I, and B = vlg%

is the volumetric expansion ratio as a function of temperature.

The typical range of values for these parameters under natural meteorological
conditions are: Re > 300000, Pr = 0.70, 100 <Nu <2000, 2-10" <Gr< 3-10°. All
of these parameters and their applications are extensively described in most textbooks on
heat transfer. Simplified engineering equations relating the element of primary interest
here, the heat transfer coefficient of air flowing around a flat plate have been developed
both empirically and theoretically (7). In particular, for air flowing around a flat plate
tilted at an angle 6, we have

%= Nu=C(Gr-cos(®):Pr)’

or

- k-C(Gr-cos(®@)-Pr)* Nu-k
L L

h

Table IV displays combinations of the a, C, and L parameters for determining a (wind)
forced convective heat transfer coefficient for air under turbulent and laminar flow
situations.

Table IV. Fluid Parameters for Heat Transfer Coefficients of Flowing Air

Flow Condition | Gr Pr | L | ¢ | a |
Laminar 10-10°-2-10’ 0.5(L1+12) 0.54 0.25
Turbulent 2.107 -3-10" 0.5(L1+L2) 0.14 0.33

For GrPr = 2-107, L =0.5, 6= 30 °, hforced = 0.016 kcal/m?-s. As a rule of thumb,
wind forced convection heat transfer coefficients will be in the range of 0.012 to 0.030
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kcal/m?-s. For free convection, as occurs in calm air, or from the surface of a panel in a
‘wind shadow’,

_0.21-(Gr-cos(®)-Pr)**

h. =
free L

which is generally in the range of 0.001 to 0.003 kcal/m?-s. (8) Free and (wind) forced
convective heat transfer are considered in a thermal model developed by Fuentes (10)
for predicting photovoltaic panel temperatures during outdoor exposure testing (/1),
which we discuss below.

Radiative Transfer . The exchange of thermal energy between two objects of
different temperatures, T1 and T2, via photons is referred to as radiative heat transfer.
This type of transfer requires no intervening medium (i.e., it can occur in a vacuum).
The energy transfer is proportional to the fourth power of the temperatures of the
interacting bodies. This is expressed in the form of the Stefan -Boltzman Law

g=eo(T)}-T%

where the emissivity, €, is less than 1, and o is the Stefan-Boltzman constant 5.667-10™°
Watts/m% K* (K=degrees Kelvin, 273.15 K =0°C and 1 K =1 °C).

The properties of absorptivity, o, transmissivity, T, reflectivity, p, and
emissivity, €, of materials are material dependant. The law of conservation of energy
requires that o, T, and p sum to unity (1), since they represent different proportions of
the total radiant energy. Note that for solid materials, o + p =1, since T = 0, and for
gases (transparent materials) o+t =1,as p ~0.

A totally absorbing and perfectly emitting source is the Planck Blackbody. The
emissivity of a material is defined as the ratio of the total radiation emitted by the body
to that of a perfect blackbody at the same temperature. Kirchoff' s Law states that the
ratio of the emissivity and absorptivity of a body in thermal equilibrium with it’s
surroundings is 1, so o = € . This is strictly true on a wavelength by wavelength basis
even if the body of interest is surrounded by objects at different temperatures.

A simplifying assumption often made is the gray body assumption, that the
emissivity (and absorptivity) of materials is constant independent of wavelength, and the
emitted radiation is some fraction of that emitted by a blackbody. This greatly simplifies
the computation of energy exchanges between objects. An expression for the steady
state energy balance for a horizontal plate exposed to the sun, sky, and ground out of
doors is given in Saunders, Jensen and Martin (/2) :

A-H-0.=2hA(T,-T,)-€AS (T, - T,) —eAc(T, - T,)

where o is the plate absorptivity, H is the total solar radiation, h is an ‘average’
convective heat transfer coefficient, € the panel emissivity, Ta ambient temperature, Tb
ground temperature, Ts sky temperature, Tp the panel temperature, and G is the Stefan-
Boltzman constant.
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Modeling Panel Temperatures.

An application of the principles described above is the question of how photovoltaic
(PV) modules operate outdoors. Module electrical performance is known to be a
function of the module temperature. Menicucci and Fernandez (/1) developed the
PVFORM simulation program at the Sandia National Laboratories to model hourly PV
array performance throughout a year of 8760 hours. PV module performance is a
function of many variables, the most important of which are the module conversion
efficiency, solar radiation, and module temperature. We extracted the subroutine used to
compute the thermal performance of a PV module and used it to compute one year of
modeled panel temperatures. See the Appendix for a brief synopsis of the model.

We compared the model results with measured data at the Outdoor Test Facility
at the National Renewable Energy Laboratory (NREL), latitude 39.74 N, Longitude
105.178 W, at an elevation of 1740 m. The module was mounted at a 50 degree south
facing tilt, and instrumented with type-T copper constantan thermocouples in three
places across the module (two edges and in the center). The panel temperature sensors,
ambient temperature, and solar radiation data (as well as electrical performance
parameters we will not discuss) were sampled at 10 second intervals, and averaged over
a one hour period. The estimated uncertainty in the temperature and irradiance
measurements are +1°C, and 5% (50 W/m? out of 1000 W/m? full scale).

The Fuentes thermal performance model incorporates the computation of the
radiative and convective exchange between the ground, the sky, the panel, and the
surrounding air using the parameterization variables discussed above. Figure 1 is a time
series plot of the measured panel temperature (center thermocouple only) and the
modeled panel temperature. For clarity, the modeled temperature (the top curve) is the
modeled data +50°C, and the bottom curve is the actual measured panel temperature.

The mean daylight ambient temperature for the year was 12.9 °C with a standard
deviation of +9.8 °C. The mean of the measured panel temperatures was 17.5°C £11.0
°C, and the mean of the modeled panel temperature was 152 °C + 12.0 °C. The
difference between measured and modeled means of 2.3°C is about twice the estimated
measurement uncertainty. Errors in the estimates of module emissivity (absorptivity)
and thermal conductivity, poor thermal contact between the module temperature sensor,
or differences in the characteristics of the module and air temperature sensors, could be
the source of the biases observed.

Figure 2 is time series plot of the difference between model and measured panel
temperature. Larger scatter, and apparent sinusoidal pattern of offsets occur in the early
and late parts of the time series, which represent spring and fall months. These
characteristics may be due to the way sky temperature was computed, or the more
variable meteorological conditions which occur in spring and fall.

The mean difference between the model data and the measured data is -1.8 °C.
The panel parameters used in the calculations were an emissivity of 0.63, an absorptivity
of 0.63 (about the same as for rough steel or glass), a specific heat capacity of 11000
Joules/m*-K, a height of 1 meter, and tilt angle of 50°.

The Fuentes estimate of the sky temperature might be improved using an
estimate such as that of Martin and Berdahl (13,/4):

T, =T,[0.711+56-107T,, +7.3-10°T,, + 0.013- cos(15¢) + 1.2-107*(P - 1000)]"*
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Measured versus Modeled Hourly Panel Tempertures

Measured and Model + 50 Deg C

20— 3 3
S §E8EEEEEEEE

Hourly Observation No. (Oct - Oct)

Figure 1. Measured (bottom) and modeled +50°C (top) time series of panel
temperatures for one year (October 95 to October 96) at NREL Outdoor Test
Facility. High frequency variations are diurnal cycles, overall sinusoidal shape is
due to the annual variaton in temperature.
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Where Ta and Tdp are ambient and dew point temperatures, t is the hour of the day (0-
24, O=midnight), and P is the atmospheric pressure in millibars.

Simulating Meteorological Data.

Thermal properties of material or coating samples can be experimentally determined in
the laboratory. Acquiring the necessary meteorological data to play against these
parameters can be difficult. Rarely are both the meteorological and solar radiation data
needed to run a model calculation available. Many methods have been developed to
model both solar radiation and ambient temperature conditions, given only long term
averages and ranges (known as means and normals) of such data.

One method for generating time series estimates of meteorological and solar
radiation data use Fourier analysis and Autoregressive Moving Average (ARMA)
analysis of previously measured data (15,16) These approaches compute the present
estimate of the parameter from a linear combination of past values, sometimes adding an
appropriate random component (white noise).

Saunders, Jensen, and Martin (/2) use measured hourly data smoothed using
moving averages. Each day is treated as a separate data subset, for which the Fourier
transform coefficients are derived. The distribution of the coefficients is then examined
to determine the statistical or stochastic properties. Long term mean temperatures and
standard deviations can then be modified by applying coefficients selected from the
distributions. They provide FORTRAN 77 source code for their estimation technique
in reference 12.

Hokoi, Matsumoto, and Kagawa (I5) , derive the Fourier coefficients by
removing annual variations. They normalize previously measured hourly data by the
ration sin(ho)/sin(h), where ho is the solar elevation at noon at the midpoint of the year
(7/21) and h is the solar elevation at noon on each day. Next, a mean diurnal profile,
M(t), for the year for each parameter (solar radiation and temperature ) is determined, as
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Figure 2. Difference (Modeled minus Measured) panel temperature time series.
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well as the associated diurnal profile of standard deviations for each hour. The Fourier
coefficients a and b are derived as usual:

M() = f,+ Y (a-cos(2n JAT | 24) +b-sin(2n jAT /24)).

Subtracting the mean dirurnal profile from the time series of the data, F(t), results in
the random, statistical component: S(t)=F(t)-M(t)

The autocorrelation of the time series data divided by the random component
Z(t)=F(t)/S(t) is computed from:

G =~ 37,2,y
n-;

where N is the lag, or number of time steps by which the normalized time series is
shifted, and n is the number of data points in the series. For solar radiation data,
nighttime values of 0 are eliminated and not considered. The objective is to choose
linear combinations of modeled data that produce the same autocorrelation function as
the measured data.

The number of terms used in the linear combination of previous estimates and
number of random components used is the order of the ARMA model. Hokoi et al.
determined that for solar radiation data, a third order, or ARMA(3,3) model, of the
form:

S, -160-S,, +0.64-S,,-0.03-S, , =6, +03-5,, -1.0-6,, —0.16-,_,

reproduced the statistical properties of solar radiation at Tokyo. The Gi are selected from a
Gaussian distribution with standard deviation equal to that of the data, G, (0.114 for the data
used). The time series of estimated data was constructed by adding in the M(t) term :

F,=M(@t)+S5 =16-S,_, -0.64-S,_,+0.003-S,_,+0,+03-0,,-10-6, ,-0.16-6,,

See reference (/6) for more detailed discussion of this approach and technique.

Similarly, annual and diurnal variation in temperature data can be evaluated. In this
case, the cross-correlation of temperature with solar radiation data come into play,
contributing additional two additional terms to form an ARMA (3,2,3) model of the form:

T, -1.673-T,, +0.692 -T,_, — 0.0062 - S, — 0.00867 - S,_, — 0.00266 - S,_,
=®,-0586-0,,-0184 0,

where the Ti are the three statistical components of the temperature data, and the Si are the
cross correlations for the solar radiation data derived earlier. Random components of the
temperature @i come from a Gaussian distribution with standard deviation ®, (0.276 for
the Tokyo data). These models, and the Fast Fourier Transform approach of Saunders,
Martin, and Jensen reproduce faithfully the stochastic characteristics of the data used in their
generation.
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Another approach is to randomly select daily maximum and minimum
temperatures from a normal distribution for the climate in question. The daily statistical
values are arranged in order using site independent distributions for establishing the
sequence (/7,18). Hourly values are modeled using a cosine shaped curve fit to the daily
maximum and minimum values. This technique results in a deterministic value for
hourly temperature, with no additional random component. The loss of information is not
so important, since random variations tend to cancel out through the year. See (/7) for a
detailed discussion.

Obtaining Meteorological Data. Techniques described above rely on measured data,
or statistics such as means, normals, and extremes, and perhaps standard deviations ,
which may be estimated from minimum and maximum values (/9). The National
Climatic Data Center, (NCDC) Climate Services Branch, Federal Building, Ashville,
NC 28801-2733, phone 704-271-4800. NCDC provides a wide variety of both solar and
meteorological data on Compact Digital-Read Only Memory (CD-ROM) and magnetic
media. NCDC also is the office for the World Data Center for Meteorology and
exchanges data with foriegn countries and other World Data Centers in Japan, China,
and the Commonwealth of Independent States (Russia).

Examples of published solar and climate data summaries are the Solar Radiation
Data Manual for Flat-Plate and Concentrating Collectors (20) and the Solar Radiation
Data Manual for Buildings (21) available from the National Renewable Energy
Laboratory Document Distribution Center, 1617 Cole Blvd, Golden CO 80401, 303-
275-4363. These are summaries of 30 year monthly mean, minimum, and maximum
solar radiation, ambient temperatures, windspeed, and relative humidity derived from
hourly data for 239 sites across the U.S. (22,23,24)

Conclusion

We discussed typical uncertainties associated with temperature data using various
sensors. Accuracies of 1°C to 2 °C represent high quality measurements in the outdoor
environment. Heat transfer from the environment to exposure panels, and fluid
mechanical properties of air and their role in estimating heat transfer were briefly
described. A simple thermal model was evaluated in the light of measured data with
estimates of uncertainty. Sources of highly summarized and hourly resolution solar and
meteorological data were provided. That data could be used for the basis of ARIMA
and Fourier Transform based models for generating time series data for estimating
exposure panel temperatures.

Appendix. Description of Fuentes’ PV Module Thermal Model.

Fuentes assumes heat balance resulting in this expression for module temperature (Tm):

(h,-T,+h, T +h, T, +oc-(Ho+%))-(l—eL)+a-AH
T =

" h.+h,+h,
where

+T,,-é"

L=—(h,+h+h)-At/(m-c)  and
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Tmo module Temperature at time to, K; m mass per unit area (kg/m?);
Tm  module temperature at time t, K; c panel specific heat (J/kg K);
Ta ambient temperature K; Ts sky temperature K;

Tg  ground temperature, K;

he overall convective heat transfer coefficient (W/m?-K)

hs radiative heat transfer coefficient to the sky (W/m?-K)

hg radiative heat transfer coefficient to the ground (W/m?-K)

a module absorptivity

Ho plane of panel irradiance for previous time step, W/m?*

AH  change in plane of panel irradiance from previous time step, W/m?.

Free and (wind) forced convective heat transfer are considered. The free convective
heat transfer coefficient is h,,, = 0.21-(Gr-0.71)°*-k/D where k is the thermal

conductivity of air (2.1695E-4*Tfim). Tsim is estimated as the average of Tm and Ta. D
is the estimated ‘hydraulic diameter’ of the plate, assumed to be 0.5 meters. The forced
convective heat transfer coefficient is computed as kg, = b-(Re/0.717)-p-1007-w

where w is the wind speed at the module height, and a, b and c are selected depending
on the Reynolds number (0.67,0.86, and -0.5 for laminar flow, or 0.4, 0.028 and -0.2 for
turbulent flow). p is the density of air computed at the average of Ta and Tm:
0.003483*101325/Tfim. The overall heat transfer coefficient, hc, is the cube root of the
sum of the cubes of the free and forced coefficients. Sky temperature estimate is
computed from the ambient temperature using Ts = 0.68*(0.0552* T, )+0.32*Ta.

Ground temperature, Tg, is assumed to be between the panel and ambient temperatures.
Initial values of Ta, Ho, and Tmo are used to begin the simulation. Subsequently, the
irradiance, ambient temperature, and wind speed data are used to compute the
convective and radiative heat transfer coefficients and the new module temperature.
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Chapter 7

Predicting the Temperature and Relative Humidity
of Polymer Coatings in the Field

D. M. Burch' and J. W. Martin?

'Building Environment Division, Room B320, Bldg. 226
?Building Materials Division, Room B348, Bldg. 226, Building and Fire
Research Laboratory National Institute of Standards and Technology,

Gaithersburg, MD 20899

This paper explores the applicability of the NIST Moisture and Heat
Transfer Model (called MOIST) to predict the temperature and relative
humidity (or moisture content) of a polymer coating exposed to outdoor
weather conditions. The rate of degradation of a polymer coating is
caused primarily by climate stress of sunlight, temperature, and water
(dew, humidity, and rain). For a coating that fails through a loss of
appearance, the primary degradation agent has been shown to be
ultraviolet radiation with temperature and relative humidity serving as
accelerants. The ability to accurately predict the temperature and
relative humidity of a polymer coating will permit a more precise
evaluation of photo-degradation accumulation process and its effect on
service life.

The MOIST model was shown to provide reasonable predictions
of the temperature and relative humidity of polymer coatings exposed to
outdoor conditions in the field. The model predicted wetting of polymer
coatings during periods having dew condensation.

Martin (/) has suggested that a quantitative service-life model (currently used in the
medical, biological, and agricultural communities) may be successfully applied to
predict photolytic material damage in polymer coatings exposed to ultraviolet (UV)
solar radiation in the field. The material damage, T, of a polymer coating due to
photodegradation is related to total effective UV dose, D, though a damage function.
Various forms of the damage function (linear, power law, and exponential functions) are
described by Martin (/).

The total effective UV dose may be evaluated from the following double integral
expression:
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2,

max

1
D, = | [L(A.00~e*P)p(A,T,rhydAdt (1
0 Auin
where:
Ip(At) =  spectral UV irradiance to which a material is exposed at time t (W/cm™)
(1-e*™y = spectral absorptivity of the material (dimensionless)

@A, T,rh) =  spectral quantum yield (dimensionless)
In the inner integral, the functions are being integrated over wavelengths ranging from
the minimum, Ay, to maximum, A4y, photolytically effective wavelengths. In the
outer integral, the cumulative dose is found by integrating the functions over a specified
time period.

In applying equation 1, the spectral UV irradiance is measured in the field. The
spectral absorptivity and spectral quantum yield are measured by conducting a series of
laboratory experiments. The spectral quantum yield is defined by:

No. of molecules undergoing degradation at wavelength A

A) =
D No. of quanta at wavelength A absorbed by the polymer coating

The spectral quantum yield is usually estimated in laboratory measurements from
changes in the macroscopic properties (loss of gloss, yellowing, loss of appearance,
changes in elongation to break or changes in tensile strength).

In the above quantitative service-life model, it is important to note that the
spectral quantum yield is a function of temperature, 7, and relative humidity, 74. Both
of these parameters act as accelerants in the degradation process. Therefore, if we can
predict the temperature and relative humidity of a polymer coating, then we may apply
the above theory to predict the photolytic damage of a polymer coating when it is
exposed to UV radiation in the field.

The National Institute and Standards and Technology (NIST) has recently
developed a heat and moisture transfer model, called MOIST, that predicts the
temperature and moisture content (or relative humidity) at the material layers of a
building construction (2). This model has been verified by way of comparison to a
series of NIST laboratory experiments (3). In these experiments, several wall specimens
were exposed to temperature variations. Measurements of inside surface heat fluxes and
construction layer moisture contents agreed very well with corresponding values
predicted by MOIST. These experiments, however, did not include wetting of the
exterior wall surface by dew or rain, which is an important aspect of the present study.
The applicability of the MOIST model to predicting the temperature and relative
humidity at a polymer coating is explored in the paper presented herein.

Description of Model

Some of more important assumptions are:
heat and moisture transfer are one dimensional;
snow accumulation on horizontal surfaces, and its effect on the solar
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absorptance and thermal resistance is neglected; and
transport of heat by liquid movement is neglected.
Other assumptions are given in the model description.
Basic Transport Equations. The basic transport equations are taken from Pedersen (4)
and are briefly presented below. (Carsten Pedersen has changed his name to Carsten
Rode). Within a polymer coating (see Figure 1), the moisture distribution is governed
by the following conservation of mass equation:

dp,. IO . 0p oy
£y T kEY = 3
) a”y(Ko"y) A, 3)

174
(¢ = :IE

oy dy

The first term on the left side of equation 3 represents water-vapor diffusion, whereas
the second term represents capillary transfer. The right side of equation 3 represents
moisture storage within the material. The potential for transferring water vapor is the
vapor pressure (py) with the permeability (1) serving as a transport coefficient. The
potential for transferring liquid water is the capillary pressure (p;) with the hydraulic
conductivity (K) serving as the transport coefficient. The signs on the first two terms
are different because water vapor flows in the opposite direction of the gradient in water
vapor pressure, and capillary water flows in the same direction of the gradient in
capillary pressure. Other symbols contained in the above equation include the dry
density of the material (o), moisture content (), distance (y), and time (f). The
sorption isotherm (i.e., the relationship between equilibrium moisture content and
moisture content) and the capillary pressure curve (i.e., the relationship between
capillary pressure and moisture content) were used as constitutive relations in solving
equation 3.

The hydraulic conductivity (K) in equation 3 is related to the liquid diffusivity
(D,) by the relation:

_pdDr
op:
oy

K =

Q)

The term in the denominator of the right side of the equation is the derivative of the
capillary pressure with respect to moisture content.

Within the polymer coating (see Figure 1), the temperature distribution is
calculated from the following conservation of energy equation:

a oT 2 p,

or
iy el Zhy 2 bl 5
é'y(k o.,y)"'h/.- (9y(ﬂ é’y) Paley +12,) 1 )

The first term on the left side of equation 5 represents heat conduction, whereas the
second term is the latent heat transfer derived from any phase change associated with
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the movement of moisture. The right side of equation 5 represents the storage of heat
within the dry material and accumulated moisture within the materials pore space.
Symbols in the above equation include temperature (7), the dry specific heat of the
material (cy), the specific heat of water (cy,), and latent heat of vaporization (/).

In equation 3, the water vapor permeability (x) and the hydraulic conductivity
(K) are strong functions of moisture content. In equation 5, the thermal conductivity (k)
is also a function of temperature and moisture content.

Boundary Conditions. At the exposed boundary of the polymer coating (see Figure
1), the rate of water available from rain plus the water-vapor transfer rate from the
surrounding atmosphere is set equal to the water-vapor transfer rate into the surface plus
the liquid transfer rate into the surface, or:

, op, )
W+Mm-ﬁ)=#r&+KJ&

2y Gy (6)

Here W is the rate of water availability from rain, m is the mass transfer coefficient, py
is the outdoor water vapor pressure, and py is the surface water-vapor pressure. Rain
wetting is not included in the current MOIST, but it is shown above for the sake of
completeness. Both the derivatives are evaluated at the exposed surface of the polymer
coating. The last term has a positive sign because capillary transport occurs in the same
direction as the gradient in capillary pressure.

Also at the exposed surface of the polymer coating, the rate of absorbed solar
radiation is equal to sum of the rate of heat conduction into the surface, the heat loss
rate from the surface to the outdoor air by convection, and the rate of radiation exchange
between the surface and the sky, or:

af

sol

(T-T)+h (T-T,) @)

c,0

or
=—k=—+h
ﬁy+,

All quantities are evaluated at the exposed surface. Here 7, o is the radiative heat
transfer coefficient defined by the relation:

h, =Eo(T +T

r,0 § sky )(7-:2 + T\iv) (8)
where E is the emittance factor which includes the surface emissivity and the view factor
from the outdoor surface to the sky, 7; is the surface temperature, and Ty is the sky
temperature. When a surface views the sky, the surface exchanges thermal radiation
with clouds and green house gases contained in the atmosphere. In these calculations,
the sky is treated as an equivalent black body at temperature, Ty

At the interface between the polymer coating and its substrate, the temperature,
water-vapor pressure, and capillary pressure are assumed to be continuous.
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Solution Procedure and Model Verification. A FORTRAN 77 computer program,
called the MOIST 3.0, has been prepared to solve the above system of equations. It was
necessary to modify MOIST to set the indoor (house) temperature equal to the outdoor
temperature to reflect the fact that the ambient air temperature beneath the panel would
coincide with the outdoor air temperature. In this computer model, finite-difference
equations are used to represent the basic moisture and heat transpert equations
(equations 3 and 5).

Necessary Input Data

The purposes of this section were two fold. First, we wanted to identify the parameters
that must be specified as input for MOIST. Second, we wanted to give the particular
input parameter values used in the illustrative analysis (presented later).

The physical parameters are given in Table I.

The moisture transfer parameters are given in Table II. The transport properties
(# and D,) are normally a function of moisture content, but they were assumed to be
constant in the illustrative analysis. The MOIST program also requires the following
two moisture storage functions: the sorption isotherm (i.e, a relationship between
moisture content and relative humidity) and the capillary pressure curve (i.e., a
relationship between capillary pressure and moisture content). The two moisture storage
functions were found to have very little effect on the predicted temperature and relative
humidity.

The heat transfer parameters are given in Table IlI. Their particular values were
observed to have an unimportance effect on the predicted results in the illustrative
analysis.

Table IV summarizes the outdoor climate parameters that are needed for an
analysis. In the illustrative analysis given in the next section, the outdoor temperature,
relative humidity, and wind speed were obtained from Weather Year for Energy
Calculations (WYEC) hourly weather data (7). The total incident solar radiation onto
the exposed surface was calculated using the algorithms given by Duffie and Beckman
(5). Here the total incident solar radiation onto a horizontal surface given in the WYEC
hourly weather data was used as input. The long-wave sky temperature was calculated
from the outdoor dew point temperature using an equation developed by Bliss (6).

It is worth mentioning that the solar absorptance, thermal emittance, water
vapor diffusivity, and liquid diffusivity are currently not measured by the coatings
community. The application of MOIST will require that laboratory experiments be
conducted to determine these additional parameters. The water-vapor permeability of
the polymer coating may be determined by a series of permeability cup measurement
as outlined in Burch, Thomas, and Fanney (//). The liquid diffusivity may be
determined by measuring the water uptake of a polymer coating wafer after it is
submerged in water.

INlustrative Analysis

In the computer simulations, it was only necessary to use two finite-difference nodes in
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4 TaBle‘ L Physical Parameters ‘
Property ’ ; ‘ Value | ’ Umts
Polymer Coating Thickness 0.13 mm
Solar Absorptance 0.7 Dimensionless
Thermal Emittance 0.9 Dimensionless
Tilt (from Horizontal) 0 Degrees
Azimuth Orientation South Degreesr

Table IL. Moisture Transfer Parameters

' Property

Vallie : Units

Water-Vapor Permeability (1)

73x10 | kg/smPa

Liquid Diffusity (D,)

1.3 x 10 m%/s

Capillary Saturated Moisture Content ()

1.0 Dimensionless

Table HI. Heat Transfer Parameters

Property Vaiue | Units
Thermal Conductivity (k) 0.64 W/m-K
Density (p,) 1,650 kg/m’
Specific Heat (c,) 1,256 Jkg K
Taﬁlé IV, Outdoor Weafh‘er Barameters :

Parametér' R 'Units :

Ambient Temperature °C

Ambient Relative Humidity %

Wind Speed m/s

Total Incident Solar Radiation W/m?

Sky Temperature °C
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the polymer coating because it was very thin. However, we had to use a time step of
0.01 hour to achieve a stable solution without unreasonable moisture content
fluctuations in the polymer coating. The polymer coating had an extremely fast
response time that gave rise to a tendency for the finite-difference solution to overshoot
and undershoot the “true” solution.

Base Case (Miami 7-Day Summer Period). The MOIST model was first used to
investigate the relative humidity and temperature at the exposed and inner surface of the
polymer coating applied to a panel during a 7-day summer period in Miami, FL. This
analysis period was the first week of August. The surface relative humidities are given
in Figure 2a, the surface temperatures in Figure 2b, and the solar flux incident onto a
horizontal surface in Figure 2¢c. From the solar flux data, this analysis period appears
to be predominantly clear without cloudy days. The exposed surface temperature ranges
from a low of 24 °C to a high of 50 °C. The outdoor relative humidity ranges from a
low of 20% to a high of 95%.

From Figure 2b, it is seen that the temperature at the exposed surface is always
above the outdoor dew point temperature. This means that dew condensation does not
occur during cool night periods. As a result, the surface relative humidity of the
polymer coating is below liquid saturation (i.e., th <97%). It should be pointed out that
the outdoor convective heat transfer for this base case simulation corresponds to a 2.2
m/s wind speed, which substantially reduces the amount of surface temperature
depression due to radiation exchange with a cold night sky. It will be later shown (see
Figure 10)
that, when the outdoor convection is reduced to a still air condition, the surface
temperature decreases below the outdoor dew point temperature. Under this condition,
dew condensation wets the exposed polymer surface.

Effect of Climate (Miami Winter versus Miami Summer). The MOIST model was
next used to generate a similar set of results for a 7-day winter period in Miami, FL (see
Figure 3). The first week of February was used as the winter analysis period. The
surface relative humidities span a similar range as the previous results, but the surface
temperatures are approximately 10 °C lower. The lower surface temperature during the
winter is believed to give rise to less material degradation. Note that the exposed
surface temperature is again seen to be above the outdoor dew point temperature during
cool night periods, thereby indicating that dew condensation does not occur.

Effect of Geographic Location (Miami, FL versus Phoenix, AZ). The MOIST model
was next used to generate a similar set of results for a 7-day summer period in Phoenix,
AZ (see Figure 4). When the Phoenix summer period is compared to the previous
Miami summer period, the panel temperature is seen to be about 10 °C warmer than the
panel temperature in Miami. These differences are about the same as those reported by
Fischer and Ketola (8). However, the panel surface relative humidities in Phoenix are
considerably lower than those in Miami (see Figure 4a), due to considerably lower
absolute humidities in Phoenix.
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Selection of Base Case. Of the three sets of previous results (Figures 2-4), the seven
day summer period of Miami (FL) had the highest combination of temperature and
relative humidity. It was believed to represent the worst case of the three previous
conditions. It was used as a base case for the sensitivity analysis presented below. In
the sensitivity analysis, one parameter is varied at a time, and its effect on the
temperature and relative humidity of the inner polymer surface is investigated. The first
24-hour period (August 1) of the 7-day Miami summer period is plotted in order to
better see the effect of each of the parameters. The base case results are plotted for the
first 24-hour period in Figure S.

Effect of Substrate. We considered the following three substrates: 1.3 cm plastic (base
case), 0.32 cm steel, and 1.3 cm wood. The surface temperature results are given in
Figure 6b. The peak surface temperatures are highest for the wood substrate. This is
because the wood substrate has the highest thermal resistance and therefore the smallest
backside heat loss. Under this condition, a smaller amount of the solar gain is
conducted out of the backside of the panel. The opposite argument can be made for the
exposed panel with a metal substrate which had the lowest mid-day temperature.

From the surface relative humidity results (see Figure 6a), the panel with the
wood substrate has less extreme relative humidity fluctuations. The values are lower
at night and higher during the day. The wood substrate provides considerably larger
moisture storage capacity than the other two substrates. The other two substrates are for
all practical purposes impermeable to moisture transfer and are therefore unable to store
moisture. The moisture storage capacity offered by the wood substrate acts like a
flywheel and dampens the relative humidity fluctuations.

Effect of Paint Permeance. We next examined the effect of paint permeance. The
following two paint permeance were considered: 57.0 x 10" kg/sm*Paand 5.7 x 10™"
kg/s'm*Pa. The first paint permeance corresponds to a latex paint system, while the
second one (which is one tenth the first value) corresponds to an oil-base paint system.
The results are given in Figure 7. The paint permeance is seen to have very little effect
on panel temperature (see Figure 7b). With regards to the surface relative humidity (see
Figure 7a), the simulation with the smaller paint permeance is seen to lag behind the
other simulation. Here the smaller paint permeance is slowing down the transfer of
moisture into the paint layer. As a result, the relative humidity at the inner surface
exhibits a slower response.

Effect of Solar Absorptance. The effect of solar absorptance is shown in Figure 8.
Three solar absorptances were considered: a light-colored surface (o = 0.4), a medium-
colored surface (o = 0.7), and a dark-colored surface (o = 1.0). It is interesting that the
peak panel temperature for the dark colored surface is very close to the maximum black
panel temperature reported in August by Fischer and Ketola (8). The observed
variations in surface relative humidity are a direct consequence of surface temperature
variations. Higher temperature produces faster drying of the polymer coatings, thereby
giving rise to lower relative humidities.
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Effect of Tilt. MOIST simulations were carried out for panels having the following tilts:
horizontal (0°), latitude (25.8°), 45°, and vertical (90°). The surface temperature results
are given in Figure 9b. The vertical exposure panel is seen to have the lowest peak
temperature during the day due to smaller incident solar radiation. However, during
cool night periods, the vertical panel has a higher temperature because this panel views
a considerably smaller portion of the sky. Therefore, it is cooled less by radiation
exchange with the cold night sky. The panels sloping at 25.8°,45°, and 90° have the
highest peak temperature during the day. It is interesting that the panels sloped at 25.8°
and 45° have very nearly the same temperatures during the day, thereby indicating that
the incident solar radiation onto these two panels is approximately the same. This later
result is consistent with the previous findings of Walker (9) who reported that panels
tiled at 45° receive very nearly the same amount of incident solar radiation as panels
tilted to latitude.

The surface relative humidities are given in Figure 9a. The surface relative
humidity curves have the opposite trend as the surface temperature curves. That is,
curves having the highest peak temperatures have the lowest surface relative humidities.
Higher temperatures produce faster drying of the polymer coatings, thereby resulting in
lower surface relative humidities. The opposite is true at night. Here the fundamental
driving force for moisture transfer is the temperature difference between the outdoor air
and cold panel surface. Colder panels have larger temperature differences and therefore
support larger moisture transport from the outdoor environment to the panel.

Effect of Outdoor Convection. MOIST simulations were also carried out for the
following outdoor convection conditions: still air (h,, = 2.8 W/m*-°C) and windy (h,,
=34.1 W/m>°C). The temperature curves are given in Figure 10b. As expected, the
panel exposed to windy condition had considerably lower temperatures during solar
exposure. The resulting high convective heat transfer rate removed much of the solar
radiation absorbed by the panel. It is interesting to observe that the panel exposed to
still air conditions was cooled below the outdoor dew point temperature by radiation
exchange with the cold night sky. As a result, dew condensation occurred on this panel.

The surface relative humidities results are given in Figure 10a. The relative
humidity at the lower surface of the polymer coating rose above 97% during periods
when dew condensation occurred. A relative humidity above 97% indicates the
presence of liquid water in the large pores of a material. Q-Panel LabNotes (April,
1997) have reported that on the average panels are wet about 30% of the time. This
means that panels are exposed to eight hours of wetness per day, or about 2,900 hours
of wetness per year. Panel wetness is caused by wetting by rain and dew condensation.
Obviously, wetting by rain alone can not explain this very high amount of wetting.
Wetting is believed to be a major mechanism causing degradation of polymer coatings.
Also of interest is the very large diurnal swing in relative humidity (i.e., 10%< rh<
99%) under the still air condition.

It is worth mentioning that the panel exposed to the still air condition is wet
during a 2-hour morning period when it receives ultra-violet radiation. The authors
believe that wetness may act as an accelerant for ultra-violet degradation. The effect of
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cumulative UV dose received under wet conditions on the coating degradation warrants
further investigation.

In the current MOIST model, a constant convection coefficient is specified for
an entire simulation. Since dew condensation wetting is such an important wetting
mechanism, it would be desirable to add algorithms to MOIST which would permit the
convective coefficient to be calculated as a function of the wind speed. In addition, the
current MOIST model does not include rain wetting which also would be desirable to
add.

In carrying out the present study, some enhancements to the dew condensation
algorithms have come to the attention of the authors. In the current MOIST model, the
outdoor air is coupled to the first material node by a water-vapor conductance which
includes both the air boundary layer conductance and a material conductance between
the surface and the first finite-difference node. A more accurate representation of the
physics would be make the first node a surface node coupled directly to the outdoor air
by an air mass transfer coefficient. This surface node is turn would be coupled to the
first material node by a liquid conductance. In this formulation, liquid water would
condense at the outside expose surface during periods having dew condensation. This
liquid water, in turn, would be readily transported to the first material node by a
capillary (liquid) conductance. This enhancement will provide considerably more
accurate moisture absorption predictions during wetting periods. In addition, it will
better accommodate the addition of rain wetting to the MOIST model.

Simplified Model for Predicting Polymer Coating Surface RH. Let us assume that
we have a good thermal model that can accurately predict the panel temperature. There
are some very good thermal models in the public domain (e.g., BLAST, TARP, and
DOE2, etc.). These models have the capability to accurately predict the polymer coating
temperature as a function of time.

Neglecting periods of wetting by dew condensation and rain, let us assume that
the polymer coating is in a state of moisture equilibrium with the outdoor environment
at each hour of the day. This assumption may be valid because the polymer coating is
very thin and therefore has a fast moisture response time. Under this condition, the dew
point temperature at all locations within the polymer coating must be equal to the
outdoor dew point temperature. We can predict the polymer coating temperature from
the thermal model. From simple psychrometric relationships, we may calculate the
relative humidity in the coating.

A comparison between the above simplified model and the considerably more
detailed MOIST model is given in Figure 11. Here each point is an hourly calculation.
The simplified model results are on the vertical axis, while the corresponding MOIST
predictions are given on the horizontal axis. The 45° sloping line depicts perfect
agreement between the simplified model and the MOIST model. The agreement
between the two models is within + 10% rh. The results indicate that during periods,
when the polymer coating is not wetted by dew condensation or rain, the polymer
coating is in an approximate state of moisture equilibrium with the outdoor
environment.
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The above results indicate that the simplified model only provided fair relative
humidity predictions (+ 10% rh). Therefore, the MOIST model should be used to
predict the relative humidity of a polymer coating. However, since the simplified model
did provide a strong correlation to the more exact MOIST model, parameters used in its
formulation are the dominant parameters governing its moisture performance. These
parameters include the panel temperature and the outdoor dew-point temperature.

Summary and Conclusions

The MOIST model was shown to provide reasonable predictions of the temperature and
relative humidity of polymer coatings exposed to outdoor conditions in the field. The
model predicted wetting of polymer coatings during periods having dew condensation.
It was recommended that the following enhancements be made to the MOIST model:
(1) incorporate algorithms that predict the convective heat transfer rate at the panel
surface as a function of the outdoor wind speed; (2) improved the wetting dew
condensation algorithms; and (3) include rain as a wetting mechanism. After the
enhancements are implemented, it is recommended that the revised model be verified
by way of comparison to a series of laboratory or field experiments.
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Nomenclature

Symbol Units Definition

c4 J/kg-°C Dry specific heat

Cy J/kg-°C Specific heat of water

D, m%/s Liquid diffusivity

D, Jem? Total effective ultra-violet dose

E dimensionless Emittance factor

h,, J/kg Latent heat of vaporization

h, W/m?°C Convective heat transfer coef. at outside surf.
h,, W/m*°C Radiative heat transfer coef. at outside boundary
H, W/m? Incident solar radiation onto a surface

I, W/em? Spectral ultraviolet irradiance

k W/m-°C Moist thermal conductivity

K kg/s-m’Pa Hydraulic conductivity

m kg/s'm*Pa Water-vapor mass transfer coefficient

o Pa Capillary pressure

P, Pa Water vapor pressure

Pui Pa Water vapor pressure of indoor air

rth % Relative humidity

t ] Time

Symbol Units Definition

T °C Temperature

T, °C Surface temperature

Tay °C Sky temperature

T, °C Outdoor air temperature

y m Distance

W kg/h Moisture generation rate

Y kg/kg Moisture content on dry mass basis

s kg/kg Capillary saturated moisture content

A cm wavelength

Ana cm maximum photolitically effective wavelength
Ao cm minimum photolitically effective wavelength
. kg/m® Air density

Py kg/m® Dry material density

G W/m?*°C* Stefan-Boltzmann constant

[0 dimensionless spectral quantum yield

p kg/s'm-Pa Water-vapor permeability
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Chapter 8

Monitoring and Characterizing Air Pollutants
and Aerosols

S. E. Haagenrud

Norwegian Institute for Air Research,
Postboks 100, N-2007 Kjeller, Norway

For industry to respond to the standards and requirements for more
durable and sustainable organic coatings, extensive data and
knowledge in the field of service life prediction of such materials
needs to be compiled or generated. The service life prediction models
for coating materials are based upon knowledge of degradation
mechanisms, dose-response functions and the exposure environment.
Much of the required data could be provided by extensive co-operation
with the meteorological and environmental research community.

The systematic means for characterization, classification and
mapping of environmental degradation factors are described, and an
overview of international environmental programs for measuring,
modelling and mapping of air quality on macro, meso and local levels
are given. A critical deficiency is the lack of methods, data and models
for micro-environmental mapping. Some methods and tools are
described.

Geographical information systems (GIS) for integrating, pro-
cessing and presenting data in a user-friendly way exist, and will
greatly enhance data accessibility.

Action Needed to Safeguard our Built Environment
In the developed countries, the building stock and infrastructure constitute more than
50 per cent of each country’s real capital. This built environment is in a bad state.
After the “build and let decay” age during the last 30 years, the concern is not only
the environmental impact on the cultural heritage. Generally, the damages to building
materials and constructions have become enormous economic, cultural and
environmental problems.

The wasteful consumption of energy and materials linked to the degrading built
environment makes this a major environmental problem in the context of sustainable
development.
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To safeguard our built environment, action is urgently needed. In principle,
there are two possibilities — and both should be pursued in parallel. Firstly, society
should try to improve the exposure environment surrounding the materials, and
secondly, better products, processes, methods and standards should be developed.
The first action is being pursued by the environmental research area via cost-benefit
analysis for degradation of materials and buildings, while the second issue is the
concern of many research&development (R&D) and standardisation programmes
around the world (1), (2) and (3).

Standards for Service Life Planning requires Environmental Characterisation

An international standard for prediction of service life of building materials,
components and buildings is currently in the process of being generated within
ISO/TC59/SC14 (4). This group was set up from the joint initiative for
standardisation of service life methodologies by the EUREKA umbrella project
EUROCARE and CIB/RILEM, towards CEC and CEN in 1991. It was based upon
the generic RILEM recommendation for prediction of service life (PSL). (5). In
Europe the entry into force of the Construction Products Directive (CPD) also creates
an urgent and increased need for standards addressing the issue of durability (6).

It is interesting to see that the European Organisation for Technical Approval
(EOTA), in their Guidance Paper on “Assessment of Working Life of Products” to
the Convenors of the Technical Committees has adopted the service life
methodology of RILEM (PSL), the ISO 6241, the damage function approach and
emphasizing the specific need for characterising the exposure environment on the
geographic scales of Europe (EOTA, 1996).

The ISO work uses the Factorial Approach (Draft 1) to estimate the design life
of a building component. It starts from the Reference Service Life (RSL), which is
modified for Quality of materials etc (Table I).

Table I. Method for estimating service life of components using factors
to represent agents

ESLC=RSLC * A * B* C* D * E * F

where

ESLC : Estimated Service Life
RSLC : Reference Service Life of the components (PSL methodology
A : Quality of components
B : Design level

C : Work execution level
D1 . Indoor environment
D2 : Outdoor environment
D3 . Subterrean

E . Inuse conditions

F :  Maintenance level
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The establishment of RSL should be based on the RILEM PSL model. The PSL
and this new standard are based upon knowledge of the exposure environment, the
degradation mechanisms and dose-response functions. For industry to respond to the
standards and requirements great emphasis is put on industry’s ability to adapt,
further develop and implement this methodology. A lot of data and knowledge needs
to be compiled or generated. As shown in the following, much of these data could be
provided through co-operation with the meteorological and environmental research
communities.

Model for degradation and barriers to service life prediction.

Hypothetical
functions

Limiting value

Performance characteristics

Time

Figure 1: Performance over time functions.

Materials degradation and loss of characteristic properties, as described by
performance over time functions (Figure 1), are in most cases due to chemical and
physical deterioration or corrosion. The corrosion can be expressed by the
mathematical model consisting of a power function of degradation factors and
elapsed time:

M=a-tb M

where M = corrosion at time t;
a = rate constant, which can be expressed by the deposition of pollutants
or other degradation agents to the surface;
b = power exponent governed by diffusion processes, where b ~Y for
the case of corrosion products forming a protective layer through
which fresh reactants must diffuse.

In the environmental area numerous studies have been performed aiming to find
the corrosive effect of air pollutants and to establish the relationship between
materials decay and the environmental degradation factors. Although generating a lot
of useful data and knowledge about the effects, the studies lack a homogeneous
approach in terms of measurements, time frames and data-analytical procedures.
However, it should be pointed out that the dose response functions which are
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currently available are very limited in terms of choice of degradation indicators and
establishment of performance requirements. A survey of many of these studies and
their reconciliation is given in (7).

The degradation rate functions are not directly suitable for service life
assessments. To transform the degradation into service life terms, performance
requirements or limit states for allowable degradation before maintenance or
complete renewal of material or component, have to be decided. The dose-response
function then transforms into damage function, which is also a performance over
time function, from which a service life assessment can be made.

The establishment of the limit state is complicated, and can be discussed both
from a technical, economic and environmental point of view. Within the building
society the first two aspects have so far been dominating (6) and (8). However,
within the environmental area the discussion has started on fixation of the limit state
from the “sustainable requirement” point of view (9). A convergence of these
requirements would have great interest and impact in the building sector .

A major barrier for further progress concerning the durability and service life
aspects within the building community, is the lack of knowledge of and
implementation of the damage function approach.

Tomiita (10) has used the mathematical damage function approach (eq. 1), and
developed it into a cumulative damage model as a computer software application. He
has thus been able to use the right type and form of the environmental degradation
factors, and therefore also to predict and compare degradation rates from long term
field exposure and laboratory exposures.

The same approach is advocated by Martin et al. (11) in discussing and
proposing methodologies for predicting the service lives of coating systems.

Another major barrier to reliable predictions of service life and/or maintenance
intervals is insufficient knowledge of the relevant exposure environment on the
various geographical scales.

There exist no common and exact definitions of the different scales, but one
frequently used basis of classification for climate and environment is the division
into macro, meso, local and micro scales (Figure 2):

By macro is normally meant the gross meteorological conditions described in
terms like polar climate, subtropical climate and tropical climate. The descriptions
are based on measurement of meteorological factors such as air temperature,
precipitation etc.(IEC 721-2-:1982).

Macro-Europe map Meso-urban area Local-road / building Micro-building

Figure 2: Exposure environment on different geographical scales.
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When describing meso climate, the effects of the terrain and of the built
environment are taken into account. The climatological description is still based on
the standard meteorological measurements.

By local scale is meant the local conditions in the building proximity, such as
for example in the streets to the building. The micro climate describes the
meteorological variables in the absolute proximity of a material surface. The micro
climate or micro environment is crucial to a materials' degradation.

Substantial knowledge and data exist on the environmental exposure conditions
on the macro and meso level, a third barrier is just the adaptation of data and
knowledge to the local and micro environmental conditions. The complexities of a
structure can result in very different climatic and environmental conditions on a
single structure and greatly affecting damage (7), The dose-response functions are
primarily established under more or less controlled experimental conditions, and a
major task would be the transition to real constructions. Measuring and modelling
methods for micro environmental loading and materials degradation have to be
developed and extensive measurements carried out.

UN ECE International Co-operative Programme (ICP)

Many studies have been performed world-wide to establish damage functions (7).
Due to lack of space only some of the functions from the UN ECE are presented here

The most extensive and best designed test programme in the environmental
research area is the International Co-operative Programme (ICP) within the United
Nations Economic Commission for Europe (UN ECE). The programme which
started in September 1987, aims to evaluate the effect of airborne acidifying
pollutants on corrosion of structural metals, stone materials, paint coatings on steel
and wood, and electric contact materials, and involves exposure at 39 sites in 12
European countries and in the United States and Canada (Figure 3).

Samples have been withdrawn after 1, 2 and 4 years exposure and dose-
response functions have been developed (12) for carbon steel, zinc, aluminium,
copper, bronze and calcareous stone. The equations should at present be seen as
provisional and may be subject to further elaboration when the results from the 8
year exposure will be available in 1996.

For unsheltered exposure most of the dose-response functions have the same
form

ML or MI=a+b TOW [ SO, ][ O3] + ¢ Rain amount [H+]  (2)

where
ML, MI = mass loss resp. mass increase
SO, =air concentration of sulphur dioxide = pg/m3
NO, - air concentration of ozone = pg/m3
TOW = time of wetness in fraction of a year
H+ = acidity in preciptation (meqv/l)
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This is the first time a synergistic effect of O3 and SO? has been indicated in a
field exposure. There is, however, also a very complex interaction between O3, SOy
and also NOy.The further study of this is the topic of a revised field exposure.
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Figure 3: UN ECE ICP sites.
(Units: SO, and NO, = pg/m3 , TOW = hours/year.)

Key Environmental Degradation Factors and Appropriate Damage Functions

Various systems have been used to classify degradation agents. The standard ISO
6241-1984 (E) presents a detailed list of agents relevant to building performance and
requirements. This systematic classification implies that the agents are listed
according to their own nature as Mechanical, Electro-magnetic, Thermal, Chemical
and Biological agents, and to their origin (external-internal to the building,
atmosphere, ground etc.), and not fo the nature of their action on the buildings or
components. The agents that apply in any particular situation, and their magnitudes,
will depend on the building’s situation, form, intended use and the way it is designed
to perform. The 1SO6241-1984 (E) systematics will also be used in the new ISO
Design Life Standard.
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In order to characterise and report the right fype and form of the environmental
degradation factors, they have to be related to the degradation mechanism and dose-
response functions for the specific materials in question (13) and (11). This will
facilitate comparisons to be made between field and laboratory measurements.

Mechanical agents.

Thermal expansion-Daily temperature difference. All external construction
materials experience both diurnal, seasonal and annual temperature fluctuations (14),
(11) and (15). The fluctuations of temperature induce movements in the joints
between building elements or cracks in concrete. Sealants and exterior finishing
materials suffer from repeating tensile and compressive and shear stresses and are
fatigued.

One special temperature variation that may greatly affect, for example, the
micro cracking of coatings is rapid drop in surface temperature. A dark coating on
an insulated sheet metal facade with a surface temperature of approximately 70 °C,
when exposed to cold heavy rainfall may lose 5060 °C in a few minutes.

The majority of available temperature data originate from measurements of the
ambient atmospheric temperature at meteorological stations. However, the relations

‘between data on ambient temperature, surface temperature and temperature in the

bulk of materials are very complex.

The daily temperature difference of building elements can be treated as a
mechanical deterioration index. Tomiita (13) collected daily maximum/minimum
BPTS (Black Panel Temperature Surface), TPmax/TPmin (°C), and expressed them
as functions of climatic data.

By inserting the meteorological data observed at 66 points during 1976-1985
the daily maximum/minimum BPT was estimated. The yearly averages of the daily
differences of BPT was classified and mapped for Japan. By multiplying the length
of a building element by its thermal expansion rate, the daily movement in the joint
or crack can be calculated.

Moisture. The presence of moisture enables physical, chemical or biological
degradation to take place. Moisture therefore acts as a mechanical, thermal (frost)
and chemical agent.

Driving rain. The quantity of water falling on the vertical faces of buildings is
related to the combined effects of wind and rainfall (see Figure 4) (16).

Most organic materials and many inorganic materials absorb moisture to
varying degrees. The direct effect of water alone on a material item can be as
follows:

(a) volumetric expansion;
(b) change in mechanical properties (e.g. strength);
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Figure 4: Maximum directional annual driving rain index map for
UK.

(c) development of bending and twisting forces;
(d) change in electrical properties;

(e) change in thermal properties;

(f) change in appearance.

Quantitative dose-response functions exist between driving rain and some of

these characteristics. In Germany 140 litre/m2 is given as the maximum amount of
driving rain that a timber-framed houses can withstand without special protection for
sealants (17).

On the macro and meso scale general meteorological data on the various forms
of water are available from national meteorological institutes.

Electromagnetic agents

Solar radiation. The energy that reach the earth’s surface from solar radiation
is concentrated in certain wavebands. Figure 5 shows the variation in the energy
received at different wavebands from direct sunlight. A portion of solar radiation is
absorbed or reflected by the earth’s atmosphere. This portion vaﬁes from one
waveband to another and is affected by cloud cover. The degree of shading from
direct sunlight also affects the quantity of the radiation received in each waveband.
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Ultraviolet radiation (UVR)-290 nm to 400 nm. A large proportion of the
UV waveband is scattered by the atmosphere, the remainder reaching the earth's
surface has no adverse effect on inorganic materials. It is however, very important in
its potential for deterioration of some organic materials. Although UVR constitutes
no more than 1-7% of the total solar radiation intensity, in practice it determines the
service life of polymeric materials in outdoor use. The penetrating power of the UV
- radiation is not great, and the action is consequently confined to surface layers
exposed to radiation (18).

The UVR-intensity varies with the atmosphere, local weather, air pollution,
time of day etc. Due to the environmental ozone-UV problem there is now extensive
intensity measurements being carried out on a global scale (19).

Measurements of total UV radiation over the spectral range are of limited value
because of the sensitivity of materials to specific wavebands. For example
polystyrene shows a maximum sensitivity at about 318 nm whereas polypropylene
peaks about 370 nm. As a general rule it has been found that radiation shorter than
about 360 nm tends to cause yellowing and embrittlement. Radiation of a longer
wavelength tends to cause fading (20).

Many organic dyestuffs are degraded by UV radiation, which may affect
appearance.

UV radiation can also play an important role in initiating a degradation
reaction which is then propagated under suitable conditions of moisture and
temperature, e.g. the yellowing and surface denudation of glass fibre reinforced
polyester roofing sheets caused by the combined actions of UV radiation and
moisture.
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Estimates of the UVR environment for a certain geographic location can be
made from meteorological data on global solar radiation or number of sunshine
hours.

Tomiita (13) has used a photodiode sensor (range 305-390nm), to measure the
hourly solar UV energy on a horizontal plane in outdoor exposure in Japan for a
year, and expressed it as a function of the entire range of solar radiation and solar
altitude. The results were classified and mapped.

Martin et al. (11) propose in a similar way a metric for UV dosage.

Chemical agents

Water and temperature complex-the time of wetness concept. The term
Time-of-wetness (TOW) is much used, and often misleadingly. To avoid
misunderstanding the original definition which originates from the field of
atmospheric metal corrosion should be remembered. Here TOW is defined as the
period of time during which the material surface is subjected to enough moisture for
the corrosion rate to be significant. This lead to the concept of a time above a
critical wetness, iLe. that both the level and duration of wetness is important.
Therefore, to avoid misconception, the term should generally include the word
“critical”, to be called something like "the time of critical wetness" (TOWcrit), and
should be defined as a material specific property.

From empirical observations, the term TOW for metals is defined as the time
when the relative humidity is greater than 80% at temperature above 0°C. This
definition is used in ISO standard 9223 "Corrosion of metals and alloys — corrosivity
of atmosphere — classification", where the TOW is calculated together with selected
climatological characteristics of the macroclimatic zones of the world. This
classification is extracted from the standard IEC 721-2-1:1982..

Haagenrud (21); Tomiita (13); Morcillo and Feliu (22) have calculated the
TOWerit according to the ISO criterion from available meteorological data. Tomiita
and Kashino (23) calculated also the number of wet-dry cycles causing
condensation. These values have been mapped for Japan.

The level and duration of moisture in the immediate vicinity of the material
surface is also crucial to the degradation of non-metallic materials. Condensed
moisture on coating surfaces over long periods of time is, for example, considered to
have a more deteriorating effect than shorter periods of rain (24) and (18).

The humidity impact is also observed for porous materials like wood, stone,
rendering and concrete, underlining the extreme importance of the fact that the
concept also accounts for the wetness inside porous materials. For example, for
wood the degradation process of rottening takes place after prolonged period of time
above a moisture content of 15-20 weight % (25).

Monitoring methods and data for TOWerit is very important and should be the
subject of extensive R&D. The WETCORR instrument can be used in such
applications (26) and (27).
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Ozone. Ozone is one of the most important oxidising constituents and reacts
with many polymers such as polythene, polybutadiene, polystyrene etc. The effects
are normally discoloration and embrittlement. Ozone attacks double bonds in the
polymer, causing chain scission and crosslinking reactions. The degradation
reactions occur via the formation of peroxy radicals, which photochemically may be
excited to other free radicals. The reactions take place on the material surface.

There are great variations in the occurrence of ozone in the atmosphere. At
high altitudes, more than 20 km above earth level, the amount is more than one
thousand times higher than at terrestrial levels.

Ozone may exist in nature as an effect of solar radiation on oxygen in the
presence of air pollutants. This has caused major concern in the last few years, and
evidence for damages to health and vegetation has triggered off a European Council
Directive (92/72/EEC) for monitoring and warning of ozone. Data are available
from 461 monitoring sites in 14 Member States, for 1994.

The various ozone threshold values as defined in the Directive are shown in the
Table II.

Table II. Thresholds for ozone concentrations in air.

Thresholds Values
Health protection threshold 110 pg/m3 for 8-hours mean
Vegetation protection threshold 200 pg/m3 for 1-hours mean

65 pg/m3 for 24-hours mean
Population information threshold 180 pg/m3 for 1-hours mean
Population warning threshold 360 pg/m3 for 1-hours mean

If ozone threshold values for damage to building materials could be
established, which seem likely from the UN ECE dose-response functions, the
necessary data is readily accessible from these public sources.

Biological agents-Fungi and bacteria. Living organisms such as fungi and bacteria
are important environmental degradation agents of organic building materials, but
they may also affect inorganic materials such as calcareous stones, sandstone and
even metals (28). While biological factors are not weathering factors, biological
attack of exterior building materials depends highly on weather conditions. Fungi
causing wood decay, and wood boring insects are ubiquitous, and they can cause
damage in most parts of a building.
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Mattson (25) has given a systematic survey of microbiological attack and its
causes on timber . Temperature, moisture content of timber and nutrients are the
predominant factors when considering its susceptibility to both fungal and insect
attack. The duration of time for their impact is also of great importance.

For fungi to grow on wood a moisture content of 23% or more is necessary. If
growth has started, it can continue at lower moisture levels. Table III show
moisture-temperature requirements for some typical damaging fungi in Norway
(25).

Table III: Moisture temperature regimes for typical damaging fungi

in Norway (24).

Type of Fungi Moisture in  Temperature Lethal
Wood Optimal

Corticiacea spp. 50-70% ca. 30 °C ca. 50 °C
Blue stain fungi >30% ca.25°C ca. 45 °C
Dry rot fungus(Serpula lacrymans 20-55% ca. 23 °C ca.35°C
“Poria” fungi, white pore fungus 35-55% ca. 28 °C ca. 45 °C
(Antrodia serialis, A, sinuosa, A, xantha,
Fibroporia waillantii)
Cellar fungi 30-50% ca.23 °C ca. 40 °C
Mould fungi 20-150% ca. 20-45 °C ca.55°C
Dacrymytces stillatus 20-150% ca. 23 °C ca.35°C
Gloeophyllum sepiarium 30-50% ca.35°C ca. 75 °C

The information above on fungus activity fits very well with the climatic index
developed by Scheffer for the U S (29), as follows:

SrET-2) (D-3)]
17

Climate index =

©)

where T is the mean monthly temperature in °C and D is the mean number of
days in the month with 0.25 mm or more precipitation. This climatic index, which is
also a damage function, for decay of wood is based on US public bodies
requirements for estimation of needs for wood protective measures.

Measurements, Modelling and Mapping of Air Quality

The measuring, testing and evaluation of air quality are assuming growing
importance in developed countries as elements of a comprehensive clean air policy
geared to sustainable development. A huge bulk of data are therefore generated on
the various geographical levels. This concerns point measurements of both
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emissions and ambient air concentration, and emission surveys of almost every type
of sources.

Respectively, the UN Global Environment Monitoring System (GEMS/AIR),
the transboundary UN ECE EMEP-programme and the tasks organised under the
European Environment Agency in Copenhagen are described, and some data are
given.

GEMS/AIR is an urban air pollution monitoring and assessment programme, which
evolved from a World Health Organisation (WHO) urban air quality monitoring
pilot project, that started in 1973. Since 1975, WHO and the United Nations
Environment Programme (UNEP) have jointly operated the programme as a
component of the United Nations systemwide Global Environment Monitoring
System. GEMS is a component of the UN Earthwatch system.

Since its beginning in 1973, the GEMS/AIR network has included some 270
monitoring sites in 86 cities in 45 countries. GEMS/AIR is the only global
programme which provides long-term air pollution monitoring data for cities in
industrialised as well as in developing countries. Thus the programme enables the
production of assessments on the levels and trends of urban air pollution world-
wide.

UV-intensity maps. Ozone depletion leads to increased ultraviolet radiation
reaching the earth surface. Excessive exposure to UV rays from the sun leads to
sunburn, and, in some cases, to skin cancer.

~ UV-intensity maps are being produced by GRID-Arendal in co-operation with
NILU. Sun-angle and satellite measurements of stratospheric ozone are entered into
a model to calculate UV-intensity at noon for the whole earth. Maps are then
produced indicating this intensity for selected areas.

Institutions, media and private persons can now order a UV-intensity
information package from GRID-Arendal, with colour maps and graphics showing
the UV and ozone situation over a selected period of time.

The unit used on the UV-intensity maps produced is the UV-index developed
by Environment Canada. The UV-index runs on a scale from 0 to 10, with 10 being
a typical mid-summer day in the tropics. A relative scale from low to extreme is also
applied. In extreme conditions, with a UV-index higher than 9, light and untanned
skin will burn in less than 15 minutes. There is now also information on UV
monitoring around the world on home pages on the World Wide Web.

This information show that quite a few countries now also perform spectral
measurements which is of course even more interesting from the materials durability
point of view.

UN ECE European Monitoring and Evaluation Programme (EMEP). In
Europe, most of the research and monitoring activities related to long range
transport of air pollutants have been connected to the "acid rain" issue. To study this,
the Organisation for Economic Co-operation and Development (OECD) in 1972
launched a co-operative programme with the objective "to determine the relative
importance of local and distant sources of sulphur compounds in terms of their
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contribution to the air pollution over a region. special attention being paid to the
question of acidity in atmospheric precipitation." The programme, which ended in
1977, provided the first comprehensive insight into the transport of air pollutants on
a continental scale. It made it possible for the first time to quantify the depositions
within one country due to emissions in any other country.

The OECD programme was followed by the Co-operative programme for the
monitoring and evaluation of long-range transmission of air pollutants in Europe
(EMEP). It was organised under the auspices of the United Nations Economic
Commission for Europe (UNECE), in co-operation with the United Nations
Environment Programme (UNEP) and the World Meteorological Organisation
(WMO). Today EMEP is an integral part of the co-operation under the 1979 Geneva
Convention on Long-range Transboundary Air Pollution (30).

The main objective of EMEP is to provide governments with information on
deposition and concentration of air pollutants, as well as on the quantity and
significance of long-range transmission of air pollutants and transboundary fluxes.

The EMEP-activities are divided into two main parts: chemical and
meteorological. A Chemical Co-ordinating Centre (CCC), located at the Norwegian
Institute for Air Research (NILU), is responsible for a very extensive monitoring
and chemical part of the programme. The meteorological part of EMEP is being
undertaken at two Meteorological Synthesizing Centres, an eastern centre (MSC-E)
in Moscow, and a western centre (MSC-W) at the Norwegian Meteorological
Institute in Oslo. Their main task is to design, operate and verify atmospheric
dispersion models.

Working Groups on effects are also established within the context of EMEP,
under which the WG on materials exist, and which has established the UN ECE ICP
on materials Exposure program.

Air quality information dissemination at European Environment Agency
(EEA)

After years of preparation the European Environment Agency (EEA) was
established in Copenhagen in December 1994 with the main task being to provide
the European Community and its Member States with objective, reliable, and
comparable information at a European level enabling the Member States to take the
requisite measures to protect the environment, to assess the results of such measures
and to ensure that the public is properly informed about the State of the
environment.

The current set of air quality directives in the European Union comprise the
compound-specific directives for SO,, particulate matter/black smoke, NO,, lead
and ozone, of which lead was the first (1982) and ozone the last (1992). These
directives require in principle that all exceedances are detected, and thus that
monitoring is carried out in all areas where exceedance of the limit values are
expected.
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The Exchange of Information (Eol) decisions (1982 and 1994) provide the
framework for making monitoring data from selected sites regularly (annually)
available to the Commission. The total number of monitoring sites exceeds 6000
(Figure 6). The first State of the Environment report for Europe (Dobris Report
published by the EEA in 1995, took a pan-European approach.

Total number of air quality monitoring stations per country
Stations used to monltor local (urban/industrial) air pollution
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Figure 6: Number of sites per country for the monitoring of
urban/local industrial air pollution.

On the local/urban scale, the Dobris report provided information on air quality
in more than 100 European cities, mainly for the years 1985 and 1990. The
assessment covered SO, and particles (“winter smog compounds”), NO, and O,
(“summer smog compounds”), and also to some extent CO and lead. The data
coverage was good for SO, and particles (mainly black smoke), less extensive for
the other compounds. Data were collected and presented both for high short-term
concentrations, and long-term averages.

Air quality information and management systems

Surveillance and management of air quality can now be facilitated and performed
via total information systems. The Air Quality Information System, AirQUIS,
represents the air pollution part of a modern Environmental Surveillance and
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Information System, ENSIS, developed and demonstrated during the Winter

Olympic Games, 1994 in Lillehammer (31).

The AirQUIS system was developed by institutions dealing with air pollution,
information technology and geographical information systems (GIS). The
combination of on-line data collection, statistical evaluations and numerical
modelling enable the user to obtain information, carry out forecasting and future
planning of air quality. The system can be used for monitoring and to estimate

environmental impacts from planned measures to reduce air pollution (Figure 7).

The AirQi:is system

Other data
| * population
[ * buildings
, e land use
[
|

Dispersion model for urban areas
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|
Time series Tables
|
|
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Figure 7: The AirQUIS system.

In Service Life Prediction of Organic Coatings; Bauer, D., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: April 15, 1999 | doi: 10.1021/bk-1999-0722.ch008

124

One main application of the AirQUIS system will be as an effective tool for air
quality abatement strategy. The contribution of air pollution from different source
categories such as traffic, household and industry to the population and building
exposure in an urban area can be calculated based upon data on emissions,
dispersion and distribution of buildings and population. Different recommended
measures to reduce air pollution can be evaluated due to population and building
exposure and cost-benefit or cost-efficiency analyses. A priority list of the selected
measures can be developed, taking into account air pollution exposure, health
aspects and related costs.

The module for modelling and calculating buildings degradation, service lives
and maintenance costs is called CorrCost and is further described in an application
used in Oslo (32).

Micro-environmental Characterisation

Temperature and wetness — the WETCORR instrument. The WETCORR instru-
ment is designed for recording of the wetness and temperature condition in the
micro environment of constructions, see Figure 8.

The measuring principle makes use of the electrochemical nature of the corrosion
processes by measuring the current tlow in an electrochemical cell as a function of
the thickness of the humidity film bridging the electrodes surface. (33). By selecting
various current levels the time above certain humidity levels can be monitored.

The sensor developed so far consists of a small gold cell for measuring time of
wetness, TOW'®, defined as the time with 100% RH and/or rain, condensation etc.,
and a temperature sensor for recording the surface temperature.To ensure that the
temperature sensor follows the surface temperature, the cell backing is made of
aluminium oxide with good thermal conductivity.

Work is going on to develop other types of sensors, such as for example

sensors for measuring resulting moisture uptake within wood (EU-project ENV-
CT95-0110 (DG 12-ESCY)). Figure 8 show the set-up of such measurements,
illustrating also the measurement principle.
UV meter. The solar ultraviolet radiation reaching the ground is controlled by
several factors, such as solar elevation, cloud cover, total ozone amount and ground
reflection. A decrease in total ozone abundance is expected to lead to an increase in
harmful UV radiation if all other factors are kept unchanged.

NILU has developed a multi-channel radiometer for measurement of solar
ultraviolet radiation. The instrument measures the irradiance (direct plus diffuse

radiation) in the UV-B region (280 nm-315 nm) and in the UV-A region
(315 nm~400 nm) in 5 channels. The instrument contains a built-in data logger
which can store up to 3 weeks of 1 minute average readings from all channels, as
well as the temperature, which is measured close to the detectors. The instrument
can also be set to store a 1 minute average data every 15 minutes only. In this mode
the storage capacity of the data logger is one year.

The UV-B channels are sensitive to variations in total ozone and variations in
cloudiness. UV-A channels, however, are sensitive to variations in cloudiness but
not sensitive to ozone variations.
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Measurements from March 29 and March 30, 1995 at NILU illustrate the
sensitivity to ozone variations, Figure 9. The integrated ozone amount was 417
Dobson Units (DU) on March 29 and 329 DU on March 30, i.e. a 20% decrease. The
measured increase in UV radiation from March 29 to March 30 was 100%, 50% and
27% in the 305 nm, 308 nm, and 313 nm channels, respectively. No changes were
observed in the UV-A channels since the sky was clear on both days and since UV-
A wavelengths are known to be insensitive to ozone.

By using a radiative transfer model combined with such irradiance measurements,
biologically effective UV-doses, total ozone amount and cloud transmission can be
determined.

Modelling.

Road network emission and dispersion model. The effect of road traffic
pollution on urban populations is expected to increase during the next few years.
Traffic planners are often in need of practical tools for studying the effect of such
measures on the environment. Quite a few air dispersion models exist and can be
used for this purpose.

NILU has developed a personal computer-based model RoadAir, for
quantitative descriptions of air pollution along road networks. RoadAir calculates
total emissions, concentrations along each road segment and the air pollution
exposure of the population and buildings along each road. Calculations can be
carried out for road networks, defined by road and traffic data. The model was
primarily developed for conditions in Scandinavia, but can easily be adapted to
conditions in other parts of the world. RoadAir is incorporated into the AirQUIS
system.

Conclusions

Concerning the characterisation of environmental degradation factors the following
R&D and corresponding standardisation needs are listed:

1. International Standardisation of PSL Methodology for Materials is well
underway, based on Damage Functions Approach, and extensive
Characterisation of the Exposure Environment on macro-, meso- and
microscale.

2. Damage functions research in field and laboratory has to be carried out to
define the degradation mechanism and type and form of the degradation
factors.

3. In the context of assessing building performance, a huge bulk of data on
global, continental (macro) and national (meso) levels are available for
exploitation from the Environmental Research Area.

4. Some methods for automatic and continuous monitoring of important
degradation factors in the micro environment on buildings exist, but further
development is needed.
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5. Quite a few dose response functions have emerged from the environmental
research area. However, these functions have to be tested and validated in the
micro environment on buildings.

6. Integrated Information and Management systems for Air Quality exist, with
effect modules allowing for assessment of damages to population and building
exposure and for abatement strategies.

7. Interdisciplinary co-operation between the building and environmental
research community is a must.
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Chapter 9

Accelerated Weathering: Science, Pseudo-Science,
or Superstition?

J. A. Chess, D. A. Cocuzzi, G. R. Pilcher, and G. N. Van de Streek

Akzo Nobel Coatings Inc.,
1313 Windsor Avenue, Columbus, OH 43211-2898

Undoubtedly without fully appreciating the full force of what they are as-
senting to, it is common for a room full of people to nod their heads vigorously
when someone says, “the more things change, the more they stay the same.” In a
literal sense this is, of course, seldom true. But in a figurative sense--and, more
importantly, in a practical sense--this is quite often true. While the details may
change with the passing of time, the essence of a given situation may change but
little. This paper, entitled “Accelerated Weathering: Science, Pseudo-science or
Superstition,” was written in 1997, yet it could easily have been presented at the
symposium entitled “Accelerated Weathering: Myth vs. Reality,” which was or-
ganized by the Cleveland Society for Coatings Technology two decades ago, in
1977. In fact, one of the co-authors of this current paper, J. A. Chess, was also a
co-author of a paper presented at the Cleveland symposium. We’ve certainly gen-
erated a lot of data in the twenty years between that meeting and this meeting, but
do we know any more about accelerated weathering now than we did then? Per-
haps.... but we have only moved forward incrementally; no “silver bullets” have
been discovered during the past twenty years, nor has anyone postulated a “unified
weathering theory” pulling together all known information on the chemical and
physical mechanisms by which diverse materials degrade, and how such degrada-
tion processes may be accelerated and correlated with “real world” results.

This paper will provide no solutions to a decades’ old dilemma, but it will
provide information and opinions, based upon extensive empirical data drawn
from our experience with coatings for building products, which may be of value to
a selected audience. First of all, the authors would like to declare “what we be-
lieve,” so that there can be no doubt about where this paper is headed:

o The best prediction of durability is real-time exposure in the location
where the coating will be installed.
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o The second-best predictor is real-time exposure in Florida at 45° fac-
ing south (for roofs) and 90° facing south (for sidewalls.)

o The (distant) third-best predictor is one of several available acceler-
ated weathering devices.

e Such devices, however, are generally paint system-specific in their
predictive ability, e.g., weathering device “T” may successfully predict
the real-time performance of System X, but cannot successfully predict
the performance of System Y. Of all such accelerated weathering de-
vices currently available, overwhelming evidence suggests that a UV-A
tester is more likely to correctly predict the results of real-time, exterior
exposure, in a variety of chemical systems.

e Like any accelerated data, UV-A data is only valuable when it is placed
into the proper context by a skilled coatings scientist, who uses it as
one of several tools at his/her disposal to predict long-term weathering
effects.

o No accelerated weathering device, when used in a “stand alone” fash-
ion, can predict “real world” weathering with any level of accuracy.

e Even the “real world” is a kind of myth--ever changing climatic, at-
mospheric, environmental, chemical, thermal, humidity and other con-
siderations render the “real world” a dynamic exposure site.

(See Figure 1.)

This is our creed, based upon over a quarter of a century’s worth of at-
tempts to correlate accelerated weathering tests with the “real world,” whatever
that is. It applies to coatings for metal building product components which are
applied by the coil coating process and thermally set or cured. This is our area of
expertise and interest. Our work has benefited from the scientific inquiries and
different practical approaches of several companies, since Akzo Nobel’s current
worldwide Coil Coatings organization is the product of a series of mergers, be-
ginning in the late 1970’s, which eventually involved the Wyandotte Paint Co.,
Pontiac Paint, Hanna Chemical Coatings Corp., Celanese, Reliance Universal,
Akzo Coatings, Midland Dexter, Svensk Firgindustri, and Nobel. Each organiza-
tion brought its own theoretical and experimental approach to the table, and each
brought the results of its empirical testing, as well. Our current work is able to
draw upon information generated by tens of thousands of exterior exposure panels
exposed in over two dozen “UV,” “aggressive chemical,” and “corrosion” sites
worldwide. It is upon these panels that we have based our current beliefs.

Before proceeding, it is important to define terms, because a term like
“durability” can be not only qualitative--it can be downright slippery. “Durability”
is often in the eyes of the beholder. There are parts of the world where rapid gloss
loss of exterior coatings is valued because the coating has reached its “final” color
very early in its life cycle and its appearance can be expected to remain relatively
unchanged with time. In other areas of the world, however, rapid, precipitous
gloss loss might cause the local denizens to clutch their chests because they prize
the appearance of a glossy building and their concept of durability transcends mere
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color stability. Clearly, appearance depends upon far more than just color, and
here’s where the complications begin-- “durability” is a concept which involves
freedom from some combination of color change, gloss change, chalking, crack-
ing, crazing, blistering, peeling, etc., etc., etc., but that “special combination” may
differ from observer to observer, or market to market. Since no two observers can
be reasonably counted upon to agree on the exact weighting of these various fac-
tors, they must all be tested for, and it is desirable that they all be “predictable.”

Over the years, in pursuit of this “predictability,” our various predecessor
organizations have worked with just about every predictive methodology--and
every piece of predictive equipment--that has come along. To place our work in a
context, following is a brief summary of the evaluation of accelerated testing
methods from 1906 to the present:

e 1906--North Dakota Agricultural Experiment Station

This was the first test site for comparison of coatings in this country.
Over time, this exterior test method moved to Florida and became
ASTM G-7. Today, 5, 45, and 90 degree testing are common, along
with black box, direct, and heated methods of testing.

o 1918--Fade-Ometer

First used for textiles, this was a dry test method and is no longer used
for coatings. The carbon arc used did not achieve sufficiently short
wavelengths for correlation with exterior exposure.

o 1927--Weather-Ometer

Water spray was added to the Fade-Ometer for improved results. How-
ever, the light distribution was still very poor.

o 1933--Sunshine Carbon ARC Lamp

This is the “Weather-Ometer” or “Atlas Weather-Ometer” as it is
known today. The spectral light distribution from this equipment con-
tains considerably more energy than was obtainable before. The car-
bons used are so strong that they give a poor simulation of natural sun-
light in the UV region. Light filters are used to help improve the corre-
lation. Two different types of filters are currently in use--the 2.5mm
Corex 7058 and the newer 3mm Pyrex 7740 type. All types of carbon
arc accelerated weathering are now covered by ASTM G-23.
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1960--Xenon Arc Lamp

With filters, the “Xenon Arc” spectral light distribution places it in the
position of being one of the best light sources for accelerated weather-
ing. This type of equipment can reasonably approximate sunlight in
both the UV and visible light range. The equipment, however, is both
expensive to purchase and expensive to operate. (See ASTM G-26.)

1960--Equatorial Mounts with Mirrors

EMMAQUA testing is a method of employing natural sunlight as the
source of light but concentrating it with mirrors. With the addition of
air flow for cooling and water spray for moisture, quite reasonable cor-
relation to natural weathering has been reported. The most important
factor for correlation has been to record only UV light exposure as UV-
MJ/M?, not total light exposure [Langley]. ASTM G-90 covers this test
method. Both “night time” and “day time” wetting methods are used,
with “night time” being closer to Florida exposure, in our opinion.
(See Figures 2 & 3.)

1965--Dew Cycle Weather-Ometer

The development of coatings with greatly improved durability made
normal carbon arc exposure methods too time consuming. The “Dew
Cycle” method, ASTM 3361, is based on the assumption that, when
both moisture and radiant energy are present at the same time, the most
rapid film degradation takes place. To maintain humidity during the
dark period, cold water is sprayed on the back of the test panels. Also,
to speed results, the filters are removed to increase the intensity of the

light.

By 1970, reports in the Journal of Coatings Technology were showing
a lack of positive correlation to Florida exposure with this method.
This became a common observation, and--by 1987--the ASTM test
method included the following statement: “Failure caused by this light
may bear no relationship to failure in natural sunlight.” It has been re-
ported that this test is 10-30 times more severe than the Atlas Weather-
Ometer.

1970--Fluorescent UV Condensation
This relatively inexpensive method of accelerated weathering uses fluo-
rescent UV lights in a humidity condensation apparatus. Until 1987, it

had the same excess UV light drawback as an unfiltered Atlas Weather-
Ometer. Only three different fluorescent light bulbs were sold at the
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time: The first two were FS-40 and QUV-B 313, both of which give
off shorter-wavelength UV radiation than is found on earth. The third
bulb was QUV-A 351. This bulb is a good match for exposure under
glass but cuts off the shorter wavelengths needed for film breakdown.
In 1987, a new bulb, QUV-A 340, was introduced which gives a good
match to the short wave bands of UV sunlight. This bulb’s greatest
strength lies in the evaluation of polymers, rather than pigments, since
it concentrates all its energy within a narrow wave band. (See ASTM
G-53 for operating principles.) (See Figures 4 & 5.)

o 1985--Predicting Coating Durability with Analytical Methods

Several papers have appeared, based on short-term exposure, with in-
frared spectroscopy and other analytical methods used to follow chemi-
cal changes in the coating. The goal has been to predict the service life
of the coating without using harsh or misleading acceleration factors.
To date, the methods have worked best with basecoat/clearcoat sys-
tems. It is not yet certain how effective they will be with low gloss
pigmented systems, but this work looks very promising.

o Future

Reliability Theory?

More advanced analytical methods?
Computer modeling?

Other?

S SO

At various points during the past four decades, our researchers explored, to
a greater or lesser extent, just about all of these approaches. Each was greeted with
the naive hope that “this one will finally provide the accelerated weathering test
that we can take to the bank,” and each was decried with great wailing and gnash-
ing of teeth when this proved not to be the case. Like so many other companies,
we “worked our way” through various accelerated devices--filtered carbon arc,
unfiltered carbon arc, dew cycle, xenon arc, UV-B with several different “B”
bulbs, and a few others as well. This work, of course, was done sequentially as the
methods and testing devices were developed. We have no “master panel set” in
which identical panels were weathered simultaneously in all known accelerated
devices, then compared to Florida (or other “real world”) exposure panels.

We do, however, have a very large number of panels which we have ex-
posed in certain accelerated testing devices and have compared not only to actual
exterior results, but to each other as well. When we have done this, one “truth” has
made itself evident throughout our testing in the past ten years and has signifi-
cantly influenced our thinking with regard to accelerated weathering: The truth is
that there is no single, infallible predictor of outdoor durability, but there are some
weathering devices which--when placed into the proper context and interpreted by
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an expert coatings specialist--greatly increase the confidence level with which out-
door durability can be predicted. One such device is the QUV-A Weathering
Tester, originally engineered and marketed by Q-Panel Lab Products, a leading
company which has traditionally been on the cutting edge of accelerated testing
methodology, whether radiation-related (UV-A and UV-B), cyclic corrosion, or
condensing humidity. Q-Panel engineered both of the fluorescent-
UV/condensation testers which the coatings industry commonly refers to as QUV-
A and QUV-B. Here is what Q-Panel has to say about these two devices:

UV-A’s are especially useful for tests comparing generically differ-
ent types of polymers. Because UV-A lamps have no UV output
below the normal solar cutoff of 295 mm, they usually do not de-
grade materials as fast as UV-B lamps. However, they usually give
better correlation with actual outdoor weathering. (1)

At the time that QUV-A was introduced, “QUV” testing was being done by
nearly everyone, and it wasn’t designated as “UV-B” testing. A lot of people felt
that it was the silver bullet, and--for certain systems, under certain conditions--
perhaps it was. Our team approached QUV-A, nearly ten years ago, with some
skepticism; the test is slow and considerably dilutes the phrase “accelerated.”
Nonetheless, the opinion that the ubiquitous QUV-B tester was not perfect and
might be improved upon was not an opinion unique to its creators; in the late
1980’s, it was being echoed throughout the industry. After comparing the weather-
ing of automotive clearcoats in three different accelerated weathering instruments
(carbon arc, xenon arc, and UV-B), Dr. David R. Bauer, Ford Motor Company’s
internationally eminent coatings scientist, and his colleagues found that “....since
the degradation chemistry that occurs in these tests is unnatural,” none of these
devices were acceptable for the coatings that Ford was testing. Dr. Bauer con-
cluded that “although acceleration factors can be calculated (based on amide II
signal loss rates) they cannot be used reliably to predict service life.” (2) This was
recently reinforced, nearly a decade later, at the Spring, 1996, European Coil
Coating Meeting, by Dr. G. C. Simmons (Becker Industrial Coatings) in his paper,
“New Developments in Coil Coatings Paints”: “It is now established fact that they
[ASTM B117 salt spray and QUV-B] do not correlate well to natural exposures,
and in some specific cases can lead to totally wrong conclusions being made.”

Nothing has occurred, in the ten years since Dr. Bauer’s comments, to
change our thinking with regard to our dissatisfaction with broad use of the weath-
ering devices utilizing UV-B bulbs. In fact, it was reinforced by Ford’s Dr. John L
Gerlock at a major scientific gathering in 1997 when he indicated that an FS40
bulb (UV-B) might be “good for studying the aging of the Taurus in low earth
orbit,” but not on the earth’s surface. (3) Nor have such observations been limited
to the automotive and coatings industries. In an important study by 3M Company,
in which an attempt was made to develop an accelerated weathering test for films
using two types each of carbon arc and UV-B bulbs, the researchers concluded that
the results indicated “poor predictive ability using any of the laboratory devices.”
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(4) They further noted that Spearman ranking of the results from the UV-B sam-
ples ranged from “perfect correlation (1.0) to an almost complete reversal (-0.8)
with essentially random scatter in between.” (5) 3M’s conclusion was that
“commonly used cycles in carbon arc and fluorescent UV-condensation [UV-B]
test equipment exhibited generally unacceptable correlation levels for these mate-
rials.” (6) A major study by Dr. Carl J. Sullivan of ARCO Chemical Company
(UV-A, UV-B, carbon arc and xenon arc) seconded this opinion: “These four ac-
celerated test procedures yield contradicting conclusions on the weatherability of
these four resin systems.” (7) Dr. Sullivan notes that “the Florida exposure data
clearly corroborate conclusions drawn from A-340, Xenon, and EMMAQUA
studies and contradict B-313 results.” (8)

While it is true that UV-B testing certainly accelerates the aging and degra-
dation processes, it may--depending upon the coatings system--be accelerating the
wrong chemistry, thereby vitiating any value that the information might provide
and discrediting the test. Our own work has repeatedly shown that UV-B testing is
so riddled with anomalies that--even when its predictions are in the right church--
they are only rarely (and possibly coincidentally) in the right pew. It was this gen-
eral lack of correlation with real chemical reactions and authentic exterior weather-
ing results that led to the development of the UV-A lamp testing devices, which
correlate more closely with sunlight. This was a very important advance because
many of the most durable coatings in the “real world” are unnaturally damaged by
the more destructive short wavelength of UV radiation below 295nm that is emit-
ted by UV-B--radiation which does not occur in natural sunlight.

Even the American Society for Testing Materials (ASTM), which usually
maintains a discreet silence on the appropriateness of its testing methods, allowed
the inclusion of the following comments under the “non-mandatory information”
section of Standard Method GS53, “Standard Practice for Operating Light and Wa-
ter Exposure Apparatus (Fluorescent UV-Condensation Type) for Exposure of
Nonmetallic Materials,” which is followed by laboratories around the world for
running UV-A and UV-B accelerated testing:

All UV-B lamps emit UV below the normal sunlight cut-on. [sic]
This short wavelength UV can produce rapid polymer degradation
and often causes degradation mechanisms that do not occur when
materials are exposed to sunlight. This may lead to anomalous
results.... For certain applications, the longer wavelength spectrum
emitted by UV-A lamps is useful. Because UV-A lamps typically
have little or no UV output below 300 nm, they usually do not de-
grade materials as rapidly as UV-B lamps, but they may allow en-
hanced correlation with actual outdoor weathering. (9) (See Fig-
ures 6 & 7.)

In spite of our skepticism--in spite of our concerns that no accelerated
weathering device can even hope to exactly predict the appearance that will result
when the ravages of time, working hand-in-hand with humidity, heat, UV radiation
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and chemical agents such as SO, and NO,, wreak their worst on a coated steel or
aluminum building panel--we embarked upon a course to explore the new UV-A
weathering device....

...A course which we have been on for a decade, and which has taken us in
an enlightening and profitable direction. We certainly haven’t found the mythical
“silver bullet,” but, in UV-A testing, we have definitely found an accelerated de-
vice which has enabled us to make surprisingly accurate predictions of the “real
world” behavior of experimental polymer systems, and--especially--of modifica-
tions to existing polymers.

We have not, however, found UV-A accelerated exposure to be especially
valuable for the prediction of the service performance of pigments, but we are not
disappointed or disillusioned by this fact either. Although little generalization can
be made about the huge group of different chemistries, both inorganic and organic,
that make up the group of coatings components which are collectively referred to
as “pigments,” it seems clear that their performance can be so dramatically af-
fected by chemical environments which are present at various places on the surface
of the earth that it cannot be predicted with a high level of confidence by testing
devices which lack these specific chemical atmospheres. (Xenon arc testing,
which adds infrared and visible light components absent from UV-A testing, may
prove helpful in evaluating the service life of pigments, albeit at a significantly
higher operating cost--and still without benefit of the localized chemical environ-
ments at work in the “real world”.) It would be nice to compare “brown coatings
X, Y, and Z” from different sources based on different polymeric systems in a
simple weathering device, but obtaining meaningful, valid data from such attempts
is more wishful thinking than sound science.

Perhaps the most attractive aspect of UV-A testing, at least in our own pro-
gram, has been the consistent absence--not of anomalous data, since this can al-
ways occur--but of truly damaging, seriously misleading data. This was the most
treacherous aspect of our past work with such devices as the dew cycle carbon arc
tester and the UV-B tester. While not ideal, we can all live with systems that look
bad in an accelerated test but good in “real life.” The worst that can happen is that
we fail to sell a good product. If one were to believe anomalous testing results,
however, that predicted good weatherability and went to the market with what
turned out to be a bad product, this could spell disaster. This does happen, how-
ever. We found many examples of coatings that looked good in an accelerated test
but bad under actual exterior service life conditions. This, of course, is the worst
possible scenario. We have seen cases where dark brown plastisol films, based on
poly(vinyl)chloride, have compared favorably in UV-B exposure to similarly-
pigmented dark brown fluoropolymer films, based on poly(vinylidene)fluoride
(usually abbreviated PVDF or PVF,). Plastisol coatings have a very definite spe-
cialized niche in the building product marketplace, which they serve admirably,
but no one expects them to perform over time at the level of a fluoropolymer--nor
do they. In another recent, dramatic case involving a new, experimental polymer,
we ran multiple accelerated tests which we are in the process of correlating with
Florida. As can be seen from the data in Figures 6 and 7, if we had taken this
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product to the marketplace based upon UV-B results, we would have been making
a grave mistake. Fortunately, our research policy prevents such mistakes from oc-
curring, which is good, because--in the case of the unusual chemistry on which this
polymer was based--even the UV-A accelerated data looked “OK,” although no-
where nearly as misleading as the UV-B data. These disastrous results occurred
because the new polymer was partially based on a relatively new, low-use cy-
cloaliphatic monomer which does not absorb UV radiation in the 280-295nm
range, where UV-B does its greatest damage. For this reason, it looks wonderful
in the UV-B test, even though it does not look acceptable under actual service
conditions, where other factors--most notably humidity and attendant hydrolytic
instability--were apparently at work. The manufacturer of this monomer now in-
cludes this caveat in their product literature: “The use of QUV-B 313 is not sug-
gested as a screening tool because the low-wavelength vortion of the exposure
spectrum can lead to anomalous results.” (/0) The fact that even the UV-A failed
to predict the full extent of the poor field performance of this polymer, based on
new, unusual chemistry, leads us to another important aspect of “what we believe”:

Accelerated weathering devices only have proven value--

o when testing materials which are very similar to other materials for
which correlation with real-time outdoor exposure at a variety of test
sites has already been established;

o when they are used in conjunction with other “real-time, real condi-
tions” test data; and

e when the data which they yield are analyzed by an expert and com-
pared against real-time, long-term exterior exposure data.

We cannot stress these points too much or too often because a distressing
new trend is emerging in the market place: Tools and data intended strictly for use
in the scientific community, in the hands of skilled and experienced coatings sci-
entists, are being moved into the marketplace where they are being misused as
marketing tools. This is clearly exemplified by cases where sales or marketing
representatives are attempting to sell coatings, based on new chemistry, solely on
the basis of their performance in an accelerated weathering device. The device of
choice is often UV-B, probably because of its ubiquitous nature and “known de-
structiveness.” Since almost any coating looks good in some accelerated test, there
are those who arm themselves with such testing data, then imprudently and im-
properly enter the marketplace crying “Eureka” from the housetops. Potential
customers then attempt to require competitive products--based upon completely
different chemistry--to match the same set of test results, and the “accelerated
testing wars” have begun. This is a dangerous development in the marketplace
because it places the emphasis not on actual field performance but on accelerated
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testing data, which--in this context--is only so much hocus-pocus. Which brings
us to the final major aspect of “what we believe”:

Running unknowns, such as competitive products, in an accel-
erated testing device for the purpose of predicting actual field
performance is extremely risky business and becomes “pseudo-

science” in the hands of anyone other than an expert coatings
scientist.

Strong words? Certainly--but impropriety must always be called on the
carpet, lest it become the norm of our industry. We don’t doubt that those who are
misusing the results of accelerated testing may be doing so in good faith--our en-
tire industry, after all, routinely runs many accelerated tests which we all acknowl-
edge have no value (the B-117 salt spray test leaps to mind, but there are others),
yet we continue to use the results from these tests as marketing tools. This is a
form of the “big lie” technique that George Orwell described so chillingly in his
novel, 1984, i.e., “if you tell a lie often enough, even though everyone knows that
it is a lie, people will eventually come to believe it.” By analogy, “if you present
certain types of accelerated testing data to the marketplace in a consistent, insistent
manner, even if it is demonstrably lacking a sound scientific basis, people will
eventually come to believe that it must have some validity.” Someone has to stand
up and say, “enough.” Accelerated testing data has its place--but that place is in
the laboratory, in the hands of skilled coatings scientists, and in the company of
related data from other complementary testing regimes, which place the data in a
proper context.

Prof. William F. Kieffer, former editor of the Journal of Chemical Educa-
tion, was internationally known as one of the foremost educators in the field of
chemistry during the years from the 1940’s through the 1970’s, and his students
fondly remember the way in which he could reduce even the most complex con-
cepts to simple, easily-comprehensible terms. For instance, many generations of
his chemistry students can still recite the laws of thermodynamics, courtesy of the
“Kieffer Reduction™:

Law #1 o The energy of the universe is constant.

Kieffer’s Reduction ¢ “You can’t win.”

Law #2 ¢ The entropy of the universe strives toward a
maximum.

Kieffer’s Reduction ¢ “You can’t break even.”

Law #3 o All systems have a specific entropy.

Kieffer’s Reduction ¢ “You can’t even get out of the game.”
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In homage to Prof. Kieffer--and to all great educators who triumph in their
craft because of their interest in conveying the essence of what is important in
clear, concise terms that students will remember--we offer our own attempt to ren-
der the concept of “accelerated weathering” in equally clear, memorable terms:

Science: e There are no silver bullets -- it takes time, many
experiments, and a lot of testing to arrive at
proper products for field performance.

Pilcher’s Reduction ¢ You get what you pay for.

Pseudo-science: e Anyone can compare system “A” from one
coatings producer to system “B” from another in
an accelerated testing regime and draw appro-
priate conclusions regarding which one will be
“better” under actual service conditions.

Pilcher’s Reduction + Flip a coin; its faster, cheaper, and generally just
as accurate.

Superstition: o That “somewhere out there” is a weathering de-
vice that will predict long-term durability of all
new coatings systems under all service life
conditions.

Pilcher’s Reduction ¢ There is no free lunch.

This is not a simple subject, and we do not feel that we have all the an-
swers. Certainly UV-A, EMMAQUA (NTW)--and possibly xenon arc, as well--
offer improved tools for the coatings scientist of the 1990’s, but they are only
tools. As we look ahead, the work being done by both Ford Motor Company and
Akzo Nobel (possibly other laboratories, as well) to relate early chemical changes
of “real world” samples to long-term durability should greatly enhance our ability
to run--and trust--predictive testing regimes. Ongoing work at NIST, under the
direction of Dr. Jonathan L. Martin, on Reliability Theory--and work being under-
taken (also at NIST), under the expert guidance of Dr. Mary E. McKnight, to relate
durability as one aspect of overall appearance prediction, may revolutionize the
way in which we think of the entire subject of “appearance,” both initial and
weathered. But the results of this work will be a long way off. For now, our best
suggestion is this: “Thinking ahead is the best form of accelerated weathering.”
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Abstract

Today’s manufacturers face strong pressure to develop new, higher technology
products in record time, while improving productivity, product field reliabil-
ity, and overall quality. Estimating the failure-time distribution or long-term
performance of high-reliability products is particularly difficult. Most mod-
ern products are designed to operate without failure for years, decades, or
longer. Thus few units will fail or degrade appreciably in a test of practical
length at normal use conditions. Thus the requirements for rapid product
development and higher reliability have increased the need for accelerated
testing of materials, components, and systems.

This paper describes methods for analyzing and planning accelerated life
tests with an application in the area of microelectronics. In this application,
the purpose of the accelerated life test was to study the dominant failure
mechanism of an integrated circuit. It was believed that a first-order chemi-
cal reaction would provide an adequate description of this failure mechanism.
Similar methods can be used to do laboratory evaluations of the life of prod-
ucts like paints and coatings. We have also included a section describing
methods for using laboratory tests to predict life in the field with variability
in use rates as well a both spatial and temporal variability in environmental
conditions.
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Introduction

Motivation. Estimating the failure-time distribution or long-term perfor-
mance of components of high reliability products is particularly difficult. For
example, the design and construction of a communications satellite, may al-
low only 8 months to test components that are expected to be in service for 10
or 15 years. For such applications, Accelerated Tests (ATs) are used widely
in manufacturing industries, particularly to obtain timely information on
the reliability of simple components and materials. There are difficult prac-
tical and statistical issues involved in accelerating the life of a complicated
product that can fail in different ways. Generally, information from tests at
high levels of one or more accelerating variables (e.g., use rate, temperature,
voltage, or pressure) is extrapolated, through a physically reasonable statis-
tical model, to obtain estimates of life or long-term performance at lower,
normal levels of the accelerating variable(s). In some cases, the level of an
accelerating variable is increased or otherwise changed during the course of
a test (step-stress and progressive-stress ATs). AT results are used in the
reliability-design process to assess or demonstrate component and subsystem
reliability, to certify components, to detect failure modes so that they can be
corrected, compare different manufacturers, and so forth. ATs have become
increasingly important because of rapidly changing technologies, more com-
plicated products with more components, higher customer expectations for
better reliability, and the need for rapid product development.

Different types of acceleration. The term “acceleration” has many dif-
ferent meanings within the field of reliability, but the term generally implies
making “time” (on what ever scale is used to measure device or component
life) go more quickly, so that reliability information can be obtained more
rapidly.

There are several different methods of accelerating a reliability test:

e Increase the use-rate of the product. Consider the reliability of a
toaster, which is designed for a median lifetime of 20 years, assum-
ing a usage rate of twice each day. If, instead, we test the toaster 365
times each day, we could reduce the median lifetime to about 40 days.
Also, because it is not necessary to have all units fail in a life test, use-
ful reliability information could be obtained in a matter of days instead
of months.

e Increase the aging-rate of the product. For example, increasing the
level of experimental variables like temperature or humidity can ac-
celerate the chemical processes of certain failure mechanism such as
chemical degradation (resulting in eventual weakening and failure) of
an adhesive mechanical bond or the growth of a conducting filament
across an insulator (eventually causing a short circuit).

e Increase the level of stress (e.g., temperature cycling, voltage, or pres-
sure) under which test units operate. A unit will fail when its strength
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drops below applied stress. Thus a unit at a high stress will generally
fail more rapidly than it would have failed at low stress.

Combinations of these methods of acceleration are also employed. Variables
like voltage and temperature cycling can both increase the rate of an electro-
chemical reaction (thus accelerating the aging rate) and increase stress rela-
tive to strength. In such situations, when the effect of an accelerating vari-
able is complicated, there may not be enough physical knowledge to provide
an adequate physical model for acceleration (and extrapolation). Empirical
models may or may not be useful for extrapolation to use conditions.
Acceleration Models. Interpretation of accelerated test data requires
models that relate accelerating variables like temperature, voltage, pressure,
size, etc. to time acceleration. For testing over some range of accelerating
variables, one can fit a model to the data to describe the effect that the
variables have on the failure-causing processes. The general idea is to test
at high levels of the accelerating variable(s) to speed up failure processes
and then to extrapolate to lower levels of the accelerating variable(s). For
some situations, a physically reasonable statistical model may allow such
extrapolation.

Physical Acceleration Models. For well-understood failure mech-
anisms, one may have a model based on physical/chemical theory that de-
scribes the failure-causing process over the range of the data and provides
extrapolation to use conditions. The relationship between accelerating vari-
ables and the actual failure mechanism is usually extremely complicated. Of-
ten, however, one has a simple model that adequately describes the process.
For example, failure may result from a complicated chemical process with
many steps, but there may be one rate-limiting (or dominant) step and a
good understanding of this part of the process may provide a model that is
adequate for extrapolation.

Empirical Acceleration Models. When there is little understand-
ing of the chemical or physical processes leading to failure, it may be impos-
sible to develop a model based on physical/chemical theory. An empirical
model may be the only alternative. An empirical model may provide an
excellent fit to the available data, but provide nonsense extrapolations. In
some situations there may be extensive empirical experience with particular
combinations of variables and failure mechanisms and this experience may
provide the needed justification for extrapolation to use conditions. The next
section describes some simple acceleration models that have been useful in
specific applications.

Temperature Acceleration

Tt is sometimes said that high temperature is the enemy of reliability. Increas-
ing temperature is one of the most commonly used methods to accelerate a
failure mechanism.
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Arrhenius Relationship Time-Acceleration Factor. The Arrhenius
relationship is a widely-used model describing the effect that temperature
has on the rate of a simple chemical reaction. This relationship can be

written as
E, —-E, x 11605
> = Yo exp <———> 1)

(temp) = 70 exp (kB x temp K temp K

where R is the reaction rate and temp K = temp °C + 273.15 is temperature
in the absolute Kelvin scale, kg = 8.6171 x 10~° = 1/11605 is Boltzmann’s
constant in units of electron volts per °C, and E, is the activation energy
in units of electron volts (eV). The parameters E, and <, are product or
material characteristics. The Arrhenius acceleration factor is

Ritemp) _ [, (11605 _ 11605
R (tempy,) = P | Za temp; K tempK /|’

AF (temp, temp,, E,) =
(2)

When temp > temp;, AF(temp, tempy, E,) > 1. When temp; and E, are
understood to be, respectively, product use temperature and reaction-specific
activation energy, AF(temp) = AF(temp, temp;, E,) will be used to denote
a time-acceleration factor. The Arrhenius relationship does not apply to
all temperature acceleration problems and will be adequate over only a lim-
ited temperature range (depending on the particular application). Yet it is
satisfactorily and widely used in many applications. Nelson [6], page 76)
comments that “ ... in certain applications (e.g., motor insulation), if the
Arrhenius relationship ... does not fit the data, the data are suspect rather
than the relationship.”

Accelerated Life Test Models. Most parametric ALT models have the
following two components:

1. A parametric distribution for the life of a population of units at a
particular level(s) of an experimental variable or variables. It might
be possible to avoid this parametric assumption for some applications,
but when appropriate, parametric models (e.g., Weibull and lognormal)
provide important practical advantages for most applications.

2. A relationship between one (or more) of the distribution parameters
and the acceleration or other experimental variables. Such a relation-
ship models the effect that variables like temperature, voltage, humid-
ity, and specimen or unit size will have on the failure-time distribution.
This part of the accelerated life model should be based on a physical
model such as one relating the accelerating variable to degradation, on
a well-established empirical relationship, or some combination.

The example in this paper uses the log-location-scale regression model
described in Chapters 17 and 19 of [3] and the relationship between life and
temperature implied by the Arrhenius relationship in (1) and (2).
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Strategy for Analyzing ALT Data. The following strategy is useful
for analyzing ALT data consisting of a number of groups of specimens, each
having been run at a particular set of test conditions (e.g., three levels of tem-
perature). The basic idea is to start by examining the data graphically. Use
probability plots to analyze each group separately and explore the adequacy
of candidate distributions. Then fit a model that describes the relationship
between life and the accelerating variable(s). Briefly, the strategy is to

1. Examine a scatter-plot of failure time versus the accelerating variable.

2. Fit distributions individually to the data at separate levels of the ac-
celerating variable. Plot the fitted ML lines on a multiple probability
plot along with the individual nonparametric estimates at each level
of the accelerating variable. Use the plotted points and fitted lines
to assess the reasonableness of the corresponding life distribution and
the constant-o assumption. Repeat with probability plots for different
assumed failure-time distributions.

3. Fit an overall model with the proposed relationship between life and
the accelerating variable.

4. Compare the combined model from Step 3 with the individual analyses
in Step 2 to check for evidence of lack of fit for the overall model.

5. Perform residual analyses and other diagnostic checks to assess the
adequacy of the model assumptions.

6. Assess the reasonableness of the ALT data and model to make the
desired inferences.

The example in this paper has just one accelerating variable (the simplest
and most common type of ALT in electronic applications). Chapter 4 of [6]
and Chapter 19 of [3] show how to apply the same general strategy to ALTs
with two or more accelerating variables.

Analysis of Single-Variable ALT Data

This section describes methods for analyzing ALT data with a single accel-
erating variable. The subsections illustrate, in sequence, the steps in the
strategy described above.

Example 1 Data from an ALT on a New-Technology IC De-
vice. Table 1 gives data from an accelerated life test on a new-technology
integrated circuit (IC) device. The device inspection involved an expensive
electrical diagnostic test. Thus only a few inspections could be conducted on
each device. One common method of planning the times for such inspections
is to choose a first inspection time and then space the inspections such that
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Table 1: Failure interval or censoring time and testing temperature from an
ALT experiment on an integrated circuit device.

Hours Number of Temperature
Lower Upper  Status Devices °C
— 1536 Censored 50 150
—- 1536 Censored 50 175
— 96 Censored 50 200
384 788 Failed 1 250
788 1536 Failed 3 250
1536 2304 Failed 5 250
— 2304 Censored 41 250
192 384 Failed 4 300
384 788 Failed 27 300
788 1536 Failed 16 300
— 1536 Censored 3 300

they are equally spaced on a log axis. In this case, the first inspection was
after one day with subsequent inspections at two days, four days, and so on
(except for one day when the person doing the inspection had to leave early).
Tests were run at 150, 175, 200, 250, and 300°C junction temperature. Fail-
ures had been found only at the two higher temperatures. After an initial
analysis based on early failures at 250°C and 300°C, there was concern that
no failures would be observed at 175°C before the time at which decisions
would have to be made. Thus the 200°C test was started later than the
others to assure some failures and only limited running time on these units
had been accumulated by the time of the analysis.

The developers were interested in estimating the activation energy of
the failure mode and the long-life reliability of the ICs. Initially engineers
asked about “MTTF” at use conditions of 100°C junction temperature. After
recognizing that the estimate of the mean would be on the order of 6 million
hours (more than 700 years) they decided that this would not be a useful
reliability metric. Subsequently they decided that the average hazard rate
or the proportion that would fail by 100 thousand hours (about 11 years)
would be more useful for decision-making purposes. g

Scatter-Plot of ALT Data. Start by examining a scatter-plot of failure-
time data versus the accelerating-variable data. A different symbol should
be used to indicate censored observations.

Example 2 Scatter-plot of the IC device data. Figure 1 is a
scatter-plot of the C device data introduced in Example 1. As expected,
units fail sooner at higher levels of temperature. The heavy censoring (note
for example that there were no failures at 150°C or 175°C) makes it difficult
to see the form of the life/accelerating variable relationship from this plot. g
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Figure 1: Scatter-plot showing inspection times where failures and right-
censored observations were observed versus °C junction temperature for the
IC device data. Right-censored observations are indicated by a A

Multiple probability plot of nonparametric cdf estimates at indi-
vidual levels of the accelerating variable.

To make a multiple probability plot, first compute nonparametric esti-
mates of the failure-time distribution for each group of specimens tested at
the same level of the accelerating variable. Then plot these on probability
paper corresponding to the particular distribution being entertained as a pos-
sible model for the data. Such plots provides a powerful tool for assessing the
distributional model for the different levels of the accelerating variable (or
variable-level combinations). One can make and compare plots for different
distributions (e.g., Weibull and lognormal).

It is useful to plot, in addition, the individual fitted distribution at each
level of the accelerating variable. Particularly if a suitable parametric dis-
tribution can be found, then ML estimates of the cdf at each level of the
accelerating variable should be computed and put on the probability plot
along with the corresponding nonparametric cdf estimates. This plot is use-
ful for assessing the commonly used assumptions that distribution shape does
not depend on the level of the accelerating variable and that the accelerating
variable only affects the distribution scale parameter. The slopes of the lines
are related to the distribution shape parameter values. Thus we can assess
graphically the assumption that temperature has no effect on distribution
shape.

Example 3 Multiple probability plot and ML estimates for the
new-technology IC device life at 250°C and 300°C. Figure 2 is a log-
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Figure 2: Lognormal probability plot of the proportion failing at 250°C and
300°C for the new-technology integrated circuit device ALT experiment.

normal probability plot of the failures at 250°C and 300°C along fitted lines
that will be described below. This plot shows that the lognormal distribution
provides a reasonable description of the observed proportion failing at 250°C
and 300°C. Table 2 summarizes the individual lognormal ML estimates.
The different slopes in the plot suggests that the lognormal shape para-
meter o changes from 250 to 300°C. Such a change could be caused by the
occurrence of a different failure mode at high temperatures, casting doubt on
the simple first-order Arrhenius model. Failure modes with a higher activa-
tion energy, that might never be seen at low levels of temperature, can appear
at higher temperatures (or other accelerating variables). A 95% confidence

Table 2: Individual lognormal ML estimation results for the new-technology
IC device.

95% Approximate
ML Standard Confidence Intervals

Parameter Estimate Error Lower Upper

250°C 1 8.54 .33 7.9 9.2
o .87 .26 .48 1.57

300°C m 6.56 .07 6.4 6.7
o .46 .05 .36 .58

The log-likelihood values were Lo50 = —32.16 and L3g0 =
—53.85. The confidence intervals are based on the normal-
approximation method.
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Figure 3: Lognormal probability plot showing the ML fit of the Arrhenius-
lognormal model for the new-technology IC device. The dotted lines are a
set of approximate 95% confidence intervals for the failure time distribution
at 100°C junction temperature.

interval for the ratio oes0/0300 is [1.01, 3.53]. This suggests that there could
be a real difference between 0459 and 0399. These results also suggested that
detailed physical failure mode analysis should be done for at least some of
the failed units and that the accelerated test should be extended until some
failures are observed at lower levels of temperature. Even if the Arrhenius
model is questionable at 300°C, it could be adequate below 250°C. y

Multiple Probability Plot of ML Estimates with a Fitted Accelera-
tion Relationship. In order to draw conclusions about life at low levels of
accelerating variables, one needs to use a life/accelerating variable relation-
ship to tie together results at the different levels of the accelerating variable.
The cdfs estimated from the model fit can also be plotted on a probabil-
ity plot along with the data to assess how well the life/accelerating variable
model fits the data. Extrapolations to other levels of the accelerating variable
can also be plotted.

Example 4 ML estimates of the Arrhenius-lognormal model
for the new-technology IC device data. @ The Arrhenius-lognormal
failure-time regression model follows from (2) and can be expressed as

PI‘[T <t temp] = ®por [lgg_(tz—_u]
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Table 3: Arrhenius-lognormal model ML estimation results for the new-
technology IC device.

95% Approximate
ML Standard Confidence Intervals

Parameter Estimate Error  Lower Upper
Bo —10.2 1.5 -13.2 -7.2
B .83 .07 .68 97
o .52 .06 42 .64

The log likelihood is £ = —88.36. The confidence intervals
are based on the normal-approximation method.

where p = By + fiz, £ = 11605/(temp K), and B; = E, is the activation
energy. Table 3 gives Arrhenius-lognormal model ML estimates for the new-
technology IC device.

Figure 3 is a lognormal probability plot showing the Arrhenius-lognormal
model fit to the new-technology IC device ALT data. This figure shows
lognormal cdf estimates for all of the test levels of temperature as well at the
use-condition of 100°C junction temperature. The dotted curves are a set of
pointwise 95% normal-approximation confidence intervals. They reflect the
random “sampling uncertainty” arising from the limited sample data. This
plot shows the rather extreme extrapolation needed to estimate the failure-
time distribution at the use conditions of 100°C. If the projections are close
to the truth, it appears unlikely that there will be any failures below 200°C
during the remaining 3000 hours of testing and, as mentioned before, this
was the reason for starting some units at 200°C. It is important to note that
these intervals do not reflect model-specification and other errors (and we
know that the model is only an approximation for the exact relationship).
Figure 4 shows directly the fitted life/accelerating variable relationship and
the estimated densities at each level of temperature, and lines indicating
ML estimates of percent failing as a function of temperature. The density
estimates are normal densities because time is plotted on a log scale. g

Comparing Individual and Model Analyses. It is useful to compare
individual analyses with model analyses. This can be done both graphically
and analytically. A likelihood ratio test provides an analytical assessment
about whether observed deviations between the individual model fit and the
overall life/accelerating variable relationship can be explained by random
variability or not. A statistical test (details given in Example 19.3.2 of [3])
indicates that there is some lack of fit in the constant-o Arrhenius-lognormal
model. This suggests that the underlying failure mode and or the underlying
chemical reaction might have changed at 300°C.

ALT Predictions with a Known Acceleration Factor. In some ap-
plications, temperature-accelerated life tests are run with only one level of
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Figure 4: Arrhenius plot showing the new-technology IC device data and
the Arrhenius-lognormal model ML estimates. Censored observations are
indicated by A.

temperature. Then a given value of activation energy is used to compute
an acceleration factor to estimate life at use temperature. Resulting confi-
dence intervals are generally unreasonably precise because activation energy
is generally not know exactly. For example, MIL-STD-883 provides reliability
demonstration tests based on a given value of E,.

Example 5 Analysis with activation energy E, given. Figure 5,
similar to Figure 2 shows the effect of assuming that E, = .8¢V and having
to estimate only f; and o from the limited data. Using a given E, results
in a set of approximate 95% confidence intervals for F'(t) at 100°C that are
unrealistically narrow. g

Using Prior Information in Accelerated Test-
ing

This section uses an extension of the Bayesian methods presented in Chap-
ter 14 of [3], to reanalyze the data from Example 1. The computational
methods used here follow those used in {2] and [3].

Example 1 illustrated the analysis of accelerated life test data on a new-
technology IC device. As a contrast, Example 5 showed how much smaller
the confidence intervals on F(¢) would be if the Arrhenius activation energy
were known. Generally it is unreasonable to assume that a parameter like
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Figure 5: Lognormal probability plot showing the Arrhenius-lognormal
model ML estimates and 95% confidence intervals for F'(t) at 100°C for the
new-technology IC device with given E, = .8.

activation energy is known exactly. For some applications, however, it may
be useful or even important to bring outside knowledge into the analysis.
Otherwise it would be necessary to spend scarce resources to conduct exper-
iments to learn what is already known. In some applications, knowledgeable
reliability engineers can, for example, specify the approximate activation en-
ergy for different expected failure modes. Translating the information about
activation energy into a prior distribution will allow the use of Bayesian
methods like those described in Chapter 14 of [3]. This section shows how
to incorporate prior information on the activation energy for a failure mode
into an analysis of the new-technology IC device data.

Prior Distributions. The most important motivation for using prior in-
formation to supplement data in an analysis is to combine it with data to
provide more and better information about model parameters of interest. It
is convenient to divide available prior information about a parameter into
three different categories:

1. Parameters that are given as known, leading to a degenerate prior
distribution.

2. Parameters with a diffuse or approximately noninformative prior dis-
tribution.

3. An informative, nondegenerate prior distribution.

In general, there are two possible sources of prior information: a) expert or
other subjective opinion or b) past data. The prior pdf f(6) may be either
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informative or not. Loosely speaking, a noninformative (there is a particular
technical definition for a noninformative prior distribution, but we use the
term loosely to indicate a prior distribution that carries little or no weight in
estimation relative to the information in the available data) prior distribution
is one that provides little or no information about any of the parameters in
0. Such a prior distribution is useful when it is desired to let the data speak
for themselves without being influenced by previous data, expert opinion, or
other available prior information.

This section reanalyzes the new-technology IC device ALT data in order
to compare

e A diffuse (wide uniform) prior distribution for E,.
o A given value (degenerate prior distribution) for F,.

e The engineers’ prior information, converted into an informative prior
distribution for E,.

On the basis of previous experience with a similar failure mode, the en-
gineers responsible for this device felt that it would be safe to presume that,
with a “high degree of certainty,” the activation energy F, is somewhere in
the interval .80 to .95. They also felt that a normal distribution could be
used to describe the uncertainty in F,. We use normal distribution 3-SD
limits (i.e., mean =+ three standard deviations) to correspond to an interval
with a high degree of certainty, corresponding to about 99.7% probability.
This is an informative prior distribution for E,. The engineers did not have
any firm information about the other parameters of the model. To specify
prior distributions for the other parameters, it is then appropriate to choose
a diffuse prior. A convenient choice is a uniform distribution that extends
far beyond the range of the data and physical possibility. We use UNIF(a, b)
to denote a distribution with probability distributed uniform between the
limits a and b. As in described in Chapter 14 of [3], the parameters used
to specify the joint posterior distributions should be given in terms of para-
meters that can be specified somewhat independently and conveniently. For
this example, the prior distributions for o was specified as UNIF(.2,.9) and
the prior distribution for ¢; at 250°C was specified to be UNIF(500, 7000)
hours. Comparison with the ML estimates from Example 1 shows that the
corresponding joint uniform distribution is relatively diffuse.

Figure 6 compares a NOR, prior distribution with a 3-SD range of (.80, .95)
and a UNIF(.4, 1.4) (diffuse) prior for E,. The corresponding marginal poste-
rior distributions for E, are also shown. The center of the marginal posterior
distribution for E, corresponding to the informative NOR prior is very close
to that of the prior itself. This is mostly because the prior is strong relative to
the information in the data. Figure 6 also shows a posterior distribution cor-
responding to the uniform (diffuse) prior. The corresponding joint posterior
is approximately proportional to the profile likelihood for E,. The uniform
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Figure 6: Plot of diffuse and informative prior distributions for the new
technology device activation energy F, along with corresponding posterior
distributions.

prior has had little effect on the posterior and therefore is approximately
noninformative.

In addition to activation energy FE,, the reliability engineers also wanted
to estimate life at 100°C. Figure 7 shows different posterior distributions
for to; at 100°C. The plots on the top row of Figure 7 compare posteriors
computed under the informative and diffuse prior distributions for E,. This
comparison shows the strong effect of using the prior information in this
application.

Recall from Example 1 that there was some concern (because of the differ-
ent slopes in Figure 2) about the possibility of a new failure mode occurring
at 300°C. Sometimes physical failure mode analysis is useful for assessing
such uncertainties. In this application the information was inconclusive.

When using ML estimation or when using Bayesian methods with a dif-
fuse prior for E,, it is necessary to have failures at two of more levels of
temperature in order to be able to extrapolate to 100°C. With a given value
of E, or an informative prior distribution on E,, however, it is possible to
use Bayes methods to estimate ¢, at 100°C with failures at only one level
of temperature. The posterior distributions in the bottom row of Figure 7
assess the effect of dropping the 300°C data, leaving failures only at 250°C.
Comparing the graphs in the NW and SW corners, the effect of dropping the
300°C data results in a small leftward shift in the posterior. Relative to the
confidence intervals, however, the shift is small. Comparing the two plots
in the bottom row suggests that using a given value of E, = .8 results in
an interval that is probably unreasonably narrow and potentially misleading.
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Figure 7: Plot of the marginal posterior distribution of ¢4; at 100°C for the
new technology device, based on different assumptions. NW corner: all data
and an informative prior for E,. NE corner: all data and a diffuse prior for
E,. SW corner: drop 300°C data and an informative prior for E,. SE corner:
drop 300°C data and given E, = .8. The vertical lines are two-sided 95%
Bayes confidence intervals for ¢, at 100°C.

If the engineering information and previous experience used to specify the
informative prior on FE, is credible for the new device, then the SW analysis
provides an appropriate compromise between the commonly used extremes
of assuming nothing about E, and assuming that E, is known.

If one tried to compute the posterior after dropping the 300°C, using a
uniform prior distribution on E,, the posterior distribution would be strongly
dependent on the range of the uniform distribution. This is because with
failures only at 250°C, there is no information on how large E, might be. In
this case there would be no approximately uninformative prior distribution.

To put the meaning of the results in perspective, the analysis based on the
informative prior distribution for E, after dropping the suspect data at 300°C
would be more credible than the alternatives. The 95% Bayesian confidence
intervals for ¢, at 100°C for this analysis are [.6913, 2.192] million hours
or [79, 250] years. This does not imply that the devices will last this long
(we are quite sure that they will not!). Instead, the results of the analysis
suggest that, if the Arrhenius model is correct, this particular failure mode
is unlikely to occur until far beyond the technological life of the system into
which the IC would be used. It is likely, however, that there are other failure
modes (perhaps with smaller E,) that will be observed, particularly at lower
levels of temperature (see also Pitfall 3, discussed below).

Cautions on the Use of Prior Information. In many applications, en-
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gineers really have useful, indisputable prior information (e.g., information
from physical theory or past experience deemed relevant through engineering
or scientific knowledge). In such cases, the information should be integrated
into the analysis. Analysts and decision makers must, however, beware of
and avoid the the use of “wishful thinking” as prior information. The poten-
tial for generating seriously misleading conclusions is especially high when
experimental data will be limited and the prior distribution will dominate in
the final answers (common in engineering applications). [1] describes such
concerns from an engineering point of view.

As with other analytical methods, when using Bayesian statistics, it is
important to do sensitivity analyses with respect to uncertain inputs to ones
model. For some model/data combinations, Bayes’ estimates and confidence
bounds can depend entirely on prior assumptions. This possibility can be
explored by changing prior distribution assumptions and checking the effect
that the changes have on final answers of interest.

Pitfalls and Suggestions

ALTSs can be a useful tool for obtaining timely information about materials
and products. There are, however, a number of important potential pitfalls
that could cause an ALT to lead to seriously incorrect conclusions. Users of
ALTs should be careful to avoid these pitfalls.

One of the most important assumptions of accelerated life testing is that
increases in the acceleration variables do not change the underlying failure
mechanism. In some cases new failure modes result from a fundamental
change in the way that the material or component degrades or fails at high
levels of the accelerating variable(s). For example, instead of simply acceler-
ating a failure-causing chemical process, increased temperature may actually
change certain material properties (e.g., cause melting). In less extreme
cases, high levels of an accelerating variable will change the relationship be-
tween life and the accelerating variable (e.g., life at high temperatures may
not be approximate linear in inverse absolute temperature, as predicted by
the Arrhenius relationship).

If other failure modes are caused at high levels of the accelerating variables
and this is recognized, it can be accounted for in the data analysis by treating
the failure for the new failure modes as a censored observation (as long as
the new failure mode does not completely dominate the failure mode(s) of
interest). Chapter 7 of [6] gives several examples. In this case, however, such
censoring can severely limit the information available on the failure mode
of interest. If other failure modes are present but not recognized in data
analysis, seriously incorrect conclusions are likely.

In general, ALT experiments should be planned and executed with a great
deal of care. Inferences and predictions should be made with a great deal of
caution. Some particular suggestions for doing this are

In Service Life Prediction of Organic Coatings; Bauer, D., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: April 15, 1999 | doi: 10.1021/bk-1999-0722.ch010

o Use previous experience with similar products and materials.

e Conduct initial studies (pilot experiments) to evaluate the effect that
the accelerating variable or variables will have on degradation and the
effect that degradation will have on life or performance. Information
from preliminary tests provide useful input for planning ALTs (as de-
scribed in Chapter 20 of [3]).

e Use failure mode analysis and physical/chemical theory to improve or
develop physical understanding to provide a better physical basis for
ALT models.

e Limit, as much as possible, the amount of extrapolation (in time and
in the accelerating variable). Methods for doing this are described in
Chapter 20 of [3].

Issues Relating to Outdoor Service Life Pre-
diction

This section describes some particular issues that will be important in the
application of accelerated test methods to the prediction of outdoor service
life .

Relating AT Results with Field Performance. Using the results of
laboratory accelerated test to predict the life of product in the field is difficult.
In the simplest cases such predictions involve extrapolation from high levels
of accelerating variables to use-levels of those variables. With an appropriate
model describing the relationship between life and the accelerating variable,
accelerated tests like those described in the earlier sections of this paper
can provide a useful description of the failure behavior of a product under
homogeneous well-controlled conditions.

When, however, the product is exposed to harsh variable environments
that differ from the controlled environment of the laboratory and when dif-
ferent products are used in different environments, the prediction problem
is more complicated. It is possible, however, to make such predictions if the
following information is available:

e An appropriate model for relating cumulative damage rates to cumu-
lative damage resulting from well-understood failure mechanisms, and

e A model describing the temporal variability in environmental condi-
tions for a particular unit, and

e A model or other population data to describe the unit-to-unit differ-
ences (e.g., a spatial description of weather variables).
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Laboratory Experiments. Important environmental variables need
to be studied experimentally. Importance depends on failure mechanism. Po-
tentially important variables for different failure modes include temperature,
humidity, UV radiation, acid rain, etc. Estimation of interactions between
environmental variables (e.g., if the effect of a change in UV radiation de-
pends on the level of temperature) requires experiments that vary more than
one variable (or factor) at a time (e.g., factorial or fractional factorial ex-
periments). When laboratory environmental conditions and use-rates (i.e.,
test conditions) cannot be carefully controlled, the test conditions should,
at least, be carefully measured and recorded. Laboratory experiments are
(or should be) run under carefully controlled environmental conditions and
use-rates.

Field Data. Consideration of environmental conditions is particu-

larly important for products that are used out doors. Field data arise from
a complicated mixture of environmental conditions and use-rates. Environ-
mental conditions vary geographically (spatially) and over time (temporally).
Different failure mechanisms operate on different time scales (e.g., real time,
number of use cycles, amount of time exposed to sunlight, etc.) Use rate
varies from user to user and according to application. Use rate may also
vary over temporally.
Modeling the Relationship between Service Life and Environmental
Conditions. We use e to denote or describe the environmental conditions
to which a particular unit of product will be exposed (e.g., UV radiation,
temperature, humidity, acid rain pH might be the important variables). Also,
r is a corresponding scalar that is used to denote or describe the product use
rate (e.g., the number of hour/day of use or exposure to the sun). For service
life prediction there is need to use information from the accelerated testing
and other available knowledge about the failure mechanism to predict service
life at specified conditions (e, 7).

Modeling the Effect of Temporal Variability in Environmen-
tal Conditions. Many environmental variables (e.g., UV radiation and tem-
perature) have both daily and seasonal periodicities as well as other random
variabilities. In some situations, for purposes of prediction, it may be sat-
isfactory to suppose that the (e, r) represents environmental conditions and
use-rates that are approximately constant over time (e.g., when use temper-
ature can be described adequately by average temperature and humidity).
In other applications, however, especially when temporal variability in envi-
ronmental conditions is large, such variability might have to be described by
a stochastic process model and the use of a cumulative damage (or degra-
dation) model to model the relationship between (e,r) and the failure-time
distribution. Then (e,7) would be used to denote the parameters of such a
model.

Time Transformation Model for Environment and Use Rate
Differences. A time transformation function provides a general approach
to relating the failure-time distributions at different conditions. Using this
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approach, the failure time at conditions (e, ) is related to the failure time
at specified baseline conditions (e, rp) by

T(e,r) =T [T(eo,70);€,7]

To be a time transformation, the function Y (¢; e, r) must have the following
properties:

e For any e, 7, T (0;e,7) = 0.
e T (t,e,r) is non-negative for all ¢ and e, r.
e For fixed e,r, T (¢; e,r) is monotone in ¢.

e When evaluated at ey, gy, the transformation is the identity transfor-
mation [i.e., T (¢; eq,7) = ¢ for all ¢].

Quantiles and Failure Probabilities as a Function of Environ-
ment and Use Rate. When T (¢;e,r) is monotone increasing in ¢, the
quantile of the failure-time distributions at (e,r) and (eg, o) are related by

tr(e,r) = Ttp(eo,m0);€,7], 0<p<l
The cdfs of the failure-time distributions at (e, ) and (e, ro) are related by
PrT <tye,r] = Pr(Y(T;ep 7o) <t;e,r]
= PrT <Y '(ter);eoro]

where T~! (t; e,r) is the inverse of the T function.

Scale Accelerated Failure Time Model for Environment and Use
Rate Differences. A particularly simple time transformation function is
the scale accelerated failure time (SAFT) model. In this model the time to
failure T'(e,r) at environment and use rate conditions (e, r) is related to the
time to failure time T'(eg, r¢) at environment and use rate conditions (eg, 79)
through the relationship

T(e,r) =T(ey,r0)/ AF(e,T)

where AF(e,r) > 0 is a time-invariant scale factor that depends on (e,r)
and (eg,7o). Under the SAFT model

ty(e,1) =t,(eq,70)/ AF(e,r)
and
Pr(T < t;e,r] =Pr[T < AF(e,r) x t; €, 7]

Modeling Unit-to-Unit or Spatial Variability in Environmental Con-
ditions and Use-Rates. When product is installed and operated in dif-
ferent environments, the variability in environments will lead to additional
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variability in reported product service life. With an adequate description
of the subpopulations involved (i.e., size and corresponding environmental
conditions, it is possible to develop a model for the overall failure-time dis-
tribution or the the distribution of the number of future failures. To simplify
presentation, we consider a model for a population of units that was placed
into service over a relatively short period of time (perhaps one month).

Mixture of Environmental Conditions and Use-Rates. Sup-
pose that the population of units in the field can be subdivided into k& sub-
populations of units, according to the environmental conditions and use-
rates to which they are exposed. There are n; = n(e;,r;) units in subpop-
ulation 7 having environmental conditions and use-rates denoted by (e;,r;),
1=1,2,..., k. The total number of units in the field isn = Zf=1 n;. The rel-
ative frequency (or proportion) of units at conditions (e;, r;) will be denoted
by f(eiari) = fi =ni/n) i=1,...,k

Mixture Population Failure-Time Distribution. For subpopu-
lation ¢ with environment and use rates (e;, ;) occurring with relative fre-
quency fi,i=1,...,k

k
Pr(T <t) = ZPr[TSt;e,»,r,;]xfi

=1

For the SAFT model

k
Pr(T <t) = ZPr [T < AF(ei, i) X t; €9,70] X fi

i=1

Prediction for the Number of Units Failing. Suppose that n
is the total number of exposed units. For the SAFT model, the expected
number of units failed by time ¢ is

EN#)] = nxPr(T<t)

k

= En x Pr[T < AF(e;, ;) X t;€9,70) X fi
=1
k

= ZPr [T < AF(ei, i) X t; €0,70) X 14

i=1

where n; = n x f; is the number of units on test at environment and rate
conditions (e;,7;).

Extension to Populations of Units Entering Service at Dif-
ferent Times. Most applications consist of a population of units that was
placed into service over long periods of time (many months or years). Often
it is necessary to predict the number of failures over some future interval
of time (e.g., over the next year) from all of the units in the field (or all
that are still under warranty). In this case, one can do separate analyses, as
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described above, for each cohort of units and aggregate the results into an
overall prediction. In some areas of application, this is called a risk analysis.
See, for example, Chapter 12 of Meeker and Escobar [3] for an example and
description of methods for constructing prediction bounds in a somewhat
simpler situation.

Further Reading

Meeker and Escobar [3] describe the basic ideas of reliability data analysis
methods and methods for accelerated testing. Nelson [6] is an extensive
and comprehensive source for further material, practical methodology, basic
theory, and examples for accelerated testing while [4] describes important
areas of statistical research in accelerated testing. Chapter 7 of [6] describes
graphical and ML methods for analyzing ALT data with competing failure
modes.
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Chapter 11

A Unique Facility for Ultra-Accelerated
Natural Sunlight Exposure Testing of Materials

G. Jorgensen, C. Bingham, J. Netter, R. Goggin, and A. Lewandowski

National Renewable Energy Laboratory, 1617 Cole Boulevard,
Golden, CO 80401

An ultra-accelerated material exposure test facility that uses highly
concentrated natural sunlight has been developed at the National Renewable
Energy Laboratory (NREL). By adequately controlling sample temperatures
and demonstrating that reciprocity relationships are obeyed (i.e., level of
applied accelerated stresses does not change failure/degradation mechanisms
from those experienced in real-world use), this unique facility allows
materials to be subjected to accelerated irradiance exposure factors of 50-
100X. In terms of natural sunlight exposure, one year’s equivalent of
representative weathering can be accumulated in just 3-10 days.

To enhance the commercialization of renewable energy devices, a critical need exists to
predict accurately their service lifetimes. New advanced materials and devices, many
associated with a broad range of renewable energy technologies, are being developed to
meet increasingly demanding service lifetime requirements (/). Potential industrial
manufacturers of solar thermal electric and solar industrial systems require silvered polymer
reflector materials capable of maintaining high performance during ten years of exposure in
outdoor environments. Users of PV modules desire units that can operate for 30 years at
defined efficiency levels. Electrochromic switching devices for energy efficient glazing
applications must last 20 years when incorporated into windows for buildings (2).

Other important technologies have similarly stringent service lifetime constraints. A
service lifetime requirement for polymeric materials of up to 10-30 years, which is a
significant increase, is anticipated. There is an urgent need to extend the service lifetime
requirements of decorative and protective coatings for the automotive industry beyond the
present 5-10 years. The coatings industry in general has a significant need for facilities that
provide real-world exposure testing of their products (e.g., paints, clearcoats). Businesses
will simply be unable to afford to wait for extended periods of time to directly measure

170 © 1999 American Chemical Society

In Service Life Prediction of Organic Coatings; Bauer, D., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: April 15, 1999 | doi: 10.1021/bk-1999-0722.ch011

17

product lifetimes or to risk, without substantiating data, providing warranties demanded by
consumers.

To predict service lifetime, the usual approach is to correlate real-world test results
with accelerated lifetime test (ALT) results. ALT usually makes use of laboratory controlled
elevated intensity levels associated with artificial light sources. Two limitations are generally
inherent in this strategy. First, spectral differences exist between natural sunlight and
artificial light sources; great care must be exercised to assure unrealistic wavebands are not
used in ALT. Second, the outdoor exposure environment is variable (in terms of spectral
intensity as well as other important stresses) both spatially (geographic location) and
temporally (seasonally and annually), thereby making correlations with non-reproducible
conditions difficult at best. Because of these concerns, various devices have been developed
to provide exposure to natural sunlight for accelerated durability testing. The most
successful commercial concept, which uses Fresnel reflector elements, allows terrestrial
sunlight acceleration factors of only 5-6X (3).

To address these two major limitations, an ultra-accelerated material exposure test
facility that uses highly concentrated natural sunlight has been developed at NREL. It makes
use of NREL's existing High-Flux Solar Furnace (HFSF) (4), and an innovative irradiance
redistribution guide (IRG) (5), to provide the unique capability of being able to modify
(redistribute) the Gaussian-shaped beam from the HFSF to a more uniform profile on a
sample exposure plane. A highly functional and flexible sample exposure chamber has been
fabricated and integrated with the HFSF/IRG. This chamber provides concurrent control of
multiple levels of other important stress factors during light exposure to allow materials
whose degradation may be sensitive to multi-stress damage functions to be tested. In situ
monitoring of solar irradiance at the sample exposure plane within the chamber can also be
performed using a fiber optic-based spectral radiometer system. The NREL facility has been
used to expose a number of solar reflector materials to an equivalent of 1 year of solar
exposure at 50, 75, and 100 suns. Measurement and analysis of degradation data from these
experiments verify reciprocity relationships for the materials tested.

Experimental Procedure

System Description. A schematic diagram of the system design is shown in Figure 1.
Sunlight is continuously directed onto the primary concentrator array of the HFSF by a
tracking heliostat. Concentrated sunlight passes through an attenuator to a novel secondary
concentrator (the IRG). The existing IRG was designed specifically to provide a uniform
concentration of 400X (400 kW/m? flux at nominal solar irradiance levels) within a 10 cm
diameter spot at the optimal sample plane. For normal materials, lower concentration levels
are needed to provide accelerated exposure conditions without destroying the samples. An
attenuator is used to moderate and control the level of concentrated sunlight input to the
IRG. The spatial uniformity of the flux incident upon the sample plane was documented by
Lewandowski et al. (6); the measured results are shown in Figure 2.
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Tracking Heliostat

Cold Mirror

Attenuator Primary Concentrator

Sample Chamber

Figure 1. System Schematic

Measured (Calorimetry) Measured (Calorimetry)

Figure 2. Measured Beam Profile at the Nominal Target Plane (0 cm; Distance units
are centimeters, intensity units are concentration in suns)

The IRG is orientated along the optical axis of the HFSF just behind the nominal focal
point and a "cold" mirror is placed between the IRG and the sample chamber to allow the
sample plane to remain horizontal. The window of the sample chamber is a quartz plate. The
cold mirror reflects ultraviolet and visible light (UV/VIS) through the (highly transmissive)
quartz window, and allows the concentrated near infrared light (NIR) to be transmitted to
alleviate thermal loading of the samples.
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Figure 3 shows the layout of the IRG, cold mirror, and chamber. The chamber was
designed and fabricated to allow up to four replicate samples (22 mm x 22 mm in size) each
to be exposed to the same high level of accelerated solar flux at two levels each of
temperature (T) and relative humidity (RH). Thus, at a given flux, sets of samples can be
simultaneously exposed to four combinations of T and RH, i.e., (Tiow, RHiow), (Tiow, RHbign),
(Thigh, RHiow), and (Trign, RHyign). This allows a four-fold increase in experimental throughput
at a particular exposure flux. A detailed drawing of the chamber is shown in Figure 4.
During testing, the samples are mechanically attached to the top surface of the
heating/cooling chamber to provide good thermal contact and consequent conductive
control. The humidity chamber sets on top of the heating/cooling chamber. Humidity (and
convective cooling of the samples) is supplied by introducing moist or dry air into the
humidity chamber.

Exiting Uniform Sunllght

Incident Concentrated

:e .................... S 1' ht
Cold Mirror o

namenea

o

NIR

. 4
Sample Chamber

Figure 3. System Layout

RH=Low| RH=High

Tz gl | ]

Bamples

T =High

1 T =Low

'I:U TLL \...Heating/CoolingPons

Top View of Heating/Cooling Top View of Chamber
Chamber With Samples in Place With Humidy Chamber in Place
Pathway For

Fiber Optic Probes

Heaters Quartz Humidity Ports
I-l ql i l%

Side View of Heating/Cooling Chamber Side View of Humidity Chamber
Figure 4. Detail of the Sample Exposure Chamber Design
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System Characterization. To predict the spectral irradiance and to estimate the thermal
loads on the samples, a model was developed for the optical performance of the system. The
model uses measured spectral characteristics of each optical element and convolves those
data with a measured direct-normal solar spectrum. The predicted spectral irradiance on the
samples is:

Lsamz’le(j') =CF.Ld—n(A).ph(j').pp(’1). Ta .pIRG(A).pcrn(j’). Tq(l) (1)
where:  Lumpe(d) =  spectral irradiance at the sample surface, W/m?/,
CF = geometric concentration factor,
Lao(\) = measured spectral direct-normal irradiance, W/m®/p,
D) = spectral reflectance of the heliostat,
AN = spectral reflectance of the primary concentrator,
Ta = transmittance of the attenuator,
Prc(N) = effective spectral reflectance of the IRG,
Pem(N) = spectral reflectance of the cold mirror,
(\) = spectral transmittance of the quartz window.

The IRG represents a difficult component to characterize because some of the
incident irradiance passes through directly without reflection, while much of the incident
irradiance is multiply reflected. Previous results from a ray-trace analysis of IRG
performance (5) gives fractions of rays with 0, 1, 2, or 3 reflections. This information, along
with the known spectral reflectance of the IRG surface, can be manipulated to give the
effective spectral reflectance. The total flux at the sample can be calculated as:

2500 nm

Qsample =I

o Lpie (2)da. )
For the measured direct-normal spectrum used, the total direct-normal flux was 993 W/m’.
With a concentration factor of 50, the resulting flux on the sample, including all of the
optical losses associated with equation 1, is Quampie =231 kW/m?. The nominal concentration
is defined at the nominal target of the IRG, not including the impact of the cold mirror and
quartz window. This is because the previous measurement of IRG performance (6) was
taken at that location. The attenuator calibration was also referenced to this position. This
means that the effect of pu(A), p(A), and the concentration effects of both the primary and
IRG are combined in that measurement. To properly use the geometric concentration factor,
CF in equation 1, the nominal concentration must be divided by pu(A) ® gy(A).

The spectral reflectance of the cold mirror was derived from measured reflectance and
transmittance at normal incidence, and transmittance at the nominal 45° angle of incidence
used in the system. The cold mirror exhibits a cut-on at about 300 nm and a cut-off at about
700 nm. Ideally, the cut-on wavelength should be slightly lower to assure that all UV in the
solar spectrum is reflected. Although there is very little terrestrial solar irradiance near
300 nm, photons in the terrestrial UV-B bandwidth (290-320 nm) play an important role in
materials degradation.
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The power at the sample, obtained by convolving the spectral optical properties of the
measured direct-normal spectrum and the various system elements, follows the shape of the
solar spectrum closely until the cold mirror cut-off, after which very little solar irradiance
reaches the sample. The integrated (total) power over a specific wavelength range is shown
in Figure 5 for essentially all wavelengths up to the value on the abscissa. Flux concentration
is defined as the integrated power per area on the sample compared to the integrated power
per area in the solar spectrum over the wavelength range of interest. Because the cold
mirror cuts off the NIR, the peak flux concentration occurs in the range of 400-700 nm.
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Figure 5. Calculated Concentration at Sample Surface in the Wavelength Range
from 200 nm to the Wavelength Indicated Based on 50X at the IRG

Experimental Exposure Testing. Because NREL has extensive experience with durability
testing of metallized polymer mirrors (7), these materials were selected for use in the present
experiments. One advantage of this choice is that it allows ready comparison with historical
data. In addition, because the superstrates are organic-based materials, results characteristic
of other coating systems may be inferred. Thus, data meaningful to other technologies was
obtained. The general construction of the test samples is:

Superstrate / Reflective Layer / Back Protective Layer / Adhesive / Substrate.

Three different material constructions (X, Y, and Z) were used in these tests. Each used
approximately 100 nm silver as the reflective layer and a pressure-sensitive acrylic-based
adhesive to allow lamination to ~0.9-mm thick 6061 aluminum substrates. The base resin of
the superstrate film was a polymethylmethacrylate (PMMA). The three materials differed
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primarily in the amount of UV absorber present in the PMMA film and in the type of back
protective layer, as noted in Table L.

Table 1. Metallized Polymer Solar Mirror Materials Used in Experiments
Material Weight % UV Absorber  Protective Layer

X 1 None
Y 2 None
Z 2 30 nm Cu

Three experiments were carried out. Each was intended to expose sample materials
to the equivalent of one year's outdoor exposure in Colorado, at successively higher
concentrations of accelerated natural sunlight. Based on the work of Marion and Wilcox (8),
samples near Golden, Colorado receive an average 7227 MJ/m’/yr of global radiation at a
tilt angle equal to latitude angle (40° north). The first experiment used 50 suns
concentration; at this level (50 kW/m’, corrected for optical reflectance losses of the HFSF
system), one year’s equivalent exposure would be obtained after 40.2 hours. During actual
exposure, it was not always possible (because of cloud transients, etc.) to maintain 50
kW/m’. For example, in the "50 sun" experiment, the desired integrated dosage of 7227
MJ/m” took 56.3 hours exposure. Similarly, one year’s equivalent exposure would (ideally)
be accumulated after 26.8 hours at 75 suns and after 20.1 hours at 100 suns; the actual
exposure times used were 32.0 and 26.4 hours, respectively.

The samples were placed in one of four areas of the chamber (Figure 4): hot and
dry, hot and wet, cold and dry, or cold and wet. The average conditions for each of the
exposures is given in Table II.

Table IL. Average Exposure Conditions

Light Intensity Factor (suns) Thot Teold RHyet
(Y] (°C) (%) (%)
50 63-71 18-23 55-75 5-10
75 60-75 17-24 55-70 5-10
100 65-75 15-25 60-75 5-10

During these experiments, the targeted nominal temperatures were 70°C on the hot side
and 20°C on the cold side. The targeted nominal relative humidity on the dry side was
<10% and ~80% on the wet side. The intended high relative humidity could not be
maintained during on-sun experiments; roughly 70% was the best that could be
achieved.

The temperatures were measured using Type K thermocouples inside the
cooling chamber, positioned underneath the samples. During initial testing, some
thermocouples were placed above and below the samples, and a temperature gradient
of 5° to 10°C was measured between the top and bottom surfaces. The maximum
difference in temperature between the top and bottom (ATmsx = Twop-Tottom, Where Thottom is
held constant) of a thin polymer film (thickness, d, much less than the length and width of
the film) exposed to a flux, Qumgte, can be expressed as (9):
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ATrnax =0'113.Qsample .E—.Eglobal’ (3)
th
where: Cy, = thermal heat capacity of the polymer film,
Eobal = global emittance of the polymer film.

For PMMA, Cy, ~ 0.19 Wm/m*/°C and gy ~ 0.8. For a thickness of 0.09 mm, at 50 suns
concentration, ATmx=9.9°C, in agreement with the measured data. With convective
cooling associated with air/moisture flow introduced into the top chamber (to provide
controlled humidity exposure), the temperature of the top surface of the film should remain
somewhat cooler than Tiwom + Atma. From Table II, it can be seen that the hot
temperature was maintained within 10°C of the desired level. The cold temperature was
usually within 5°C of the set temperature.

The humidity was measured with a handheld probe, first before the samples
were exposed to the sun, and then periodically during exposure. The dry humidity was
maintained by a constant purge of dry air, and the humid portion of the chamber was
kept within 10% of the nominal targeted level by bubbling deionized water through a
dry air stream.

Figure 6 is a plot of representative, real-time stress conditions. One-minute
average temperatures and flux during the 50-sun test are shown. The hot temperatures
stay between 65° and 70°C most of the time, the cold temperatures are near 20°C, and
the flux ranged between 0 and 50 kW/m®. The humidity (not shown) exhibited similar
control.
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Figure 6. Sample Temperature and Flux for 50-Sun Test

In all experiments, sample locations were numbered from bottom to top starting
with the right-most column and ending with the left-most column of samples (i.e., sample #1
was bottom right corner, sample #16 was top left comer, as shown in Figure 4). For the 50-
sun experiment, only materials Y and Z were used; the exposed samples and
temperature/relative humidity conditions are summarized in Table HI.
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Table IIL. Materials Used in Each Experiment

Sample Temperature  Relative 50X 75X 100X
Location Humidity ~ Experiment  Experiment _Experiment
1 Low High Y X X
2 Low High z z z
3 High High Y Y Y
4 High High Y X X
S Low High V4 Y Y
6 Low High Y X X
7 High High Z X X
8 High High Z z Z
9 Low Low Z z V4
10 Low Low z X X
11 High Low z X X
12 High Low Y Y Y
13 Low Low Y X X
14 Low Low Y Y Y
15 High Low Y V4 Z
16 High Low Z X X

To allow comparison with results from previous experiments, a third material (X)
was introduced into test in the 75X experiment. Two samples each of construction X were
exposed in each of the four different environmental quadrants, as shown in Table III. One
sample each of the two more durable materials (Y and Z) was also retested in each quadrant
at this higher flux level to allow comparisons with results from the 50X experiment.

Concentrated light equivalent to 100X was used in the final experiment. The 100X
experiment was identical to the 75X experiment in terms of sample selection and location, as
shown in Table III.

Results

Performance Loss. Spectral hemispherical reflectance, p;.(A), of all samples was
measured before (B) and after (o) exposure using a Perkin Elmer Lambda-9 UV-VIS-
NIR spectrometer. An uncertainty of +0.5% at each wavelength is typical for these
measurements. The amount of degradation experienced during exposure was computed
as the difference (loss) in reflectance: 4p = pixp(A) - P2no(A). A representative plot of
spectral reflectance loss is shown in Figure 7 for material X exposed at a light intensity
of 100 suns. Where applicable, results for replicate samples have been averaged.
Several important points can be seen in this plot. First, the reflectance loss at 400 nm,
Ap2x(400), (indicated by the vertical dashed grid at A=400 nm) is a particularly sensitive
measure of degradation. As with previous work (7), 402x(400) was therefore chosen as
the best indicator of performance loss for further analysis. The effect of the various
stress factors can also be seen in Figure 7. Exposure to light at elevated temperatures is
clearly the dominant stress. In general, light exposure at high temperature and high
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humidity results in the greatest degradation. Exposure at high temperature but low
humidity produces an intermediate loss in performance. At lower temperatures,
performance loss is smallest and humidity is seen to play an even less significant role.
Exposure at high humidity results in only marginally increased degradation compared to
low humidity when the sample temperature is kept relatively cool.

4
l —®— T~64°C; RH~68%
| | —8— T~68°C; RH<10%

- —A&— Tx18°C; RH~68%

—&— T219°C; RH<10%

Reflectance Loss (%)

350 375 400 425 450 475 500
Wavelength (nm)

Figure 7. Reflectance Loss for Material X at 100X

In Figure 8, the spectral loss in reflectance is plotted as a function of level of
sunlight exposure for material Z, tested at the most elevated temperature and humidity
conditions. As before, results for replicate samples have been averaged when applicable.
The change in reflectance was calculated after a targeted cumulative dose, associated
with an equivalent of one year’s cumulative dose of solar irradiance, had been
accumulated. The intent was to investigate two important questions. First, can these
types of materials be subjected to ultra-high levels of natural sunlight (50-100X)
without introducing unrealistic degradation mechanisms? Second, does a reciprocity
relationship exist between the level of light intensity and time of exposure? If these
questions can be answered in the affirmative, the experimental procedures developed in
this project can be used to allow reliable inferences to be made about the durability of
these materials tested in highly abbreviated time frames. Similar relationships would
need to be validated for other materials tested at highly accelerated conditions.
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Figure 8. Reflectance Loss for Material Z at T~70°C and RH~65%

Figure 8 provides no evidence to suggest that the /evel of light intensity results
in any systematic trend in loss of reflectance. It is the cumulative dose rather than the
level of intensity (within the range 50X-100X tested) that gives rise to reflectance loss.
The 50-sun exposure results in slightly greater degradation after 56.3 hours than the
equivalent 100-sun exposure for material Z. The equivalent 75-sun exposure exhibits
substantially less degradation than the 50X and 100X exposures. However, material Z
was exposed at a temperature 10°C cooler at 75X than at 50X or 100X; when
temperature effects are accounted for (as discussed in the section below on correlations
between performance loss and applied stresses), the reflectance loss attributable to
cumulative dose at 75X is in much better agreement with the 50X and 100X results.

FTIR Characterization of Degradation Mechanisms. The results discussed above
support the claim that ultra-accelerated natural sunlight exposure can be carried out, at
the light intensity levels indicated and for the materials tested, without introducing
unrealistic degradation mechanisms that can be quantified in terms of loss in reflectance
at the silver/PMMA interface. Although such loss is the primary performance criterion
associated with these materials, other degradation may occur that would perhaps be less
sensitive to this measure of performance loss. Figure 9 presents evidence that
chemical/structural changes are not experienced within the polymer-film superstrate.
Attenuated total reflectance (ATR) measurements of the bulk polymer were made using
Fourier Transform Infrared (FTIR) spectroscopy. No appreciable changes in the spectra
(especially in the sensitive 500-1700 cm™ region) occur as a function of light intensity
level (Figure 9), indicating that upon exposure of 50X-100X no substantial differences
in the chemical structure occur in the most vulnerable top 1-2 p of the polymer
superstrate.
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Figure 9. ATR-FTIR for Material Y as a Function of Exposure

Correlations Between Performance Loss and Applied Stresses. The ability to
expose samples to the same light intensity at two (constant) levels (high and low) each
of temperature and humidity allows change in performance (degradation) to be related
to the environmental stress factors (damage function). As developed by Jorgensen et al.
(7), such a relationship for the type of materials tested at constant stress conditions is:

Ap=Aely, yee ™D o™ @
where:
t 320nm
Ly s = [ Ly (D)dAdlt ©)
and: Iyyp = the cumulative dose (J/m?) in the UV-B spectral range (A=290-
320 nm),
T = Temperature (K),
RH = Relative humidity (%),

and A, C, and E are parameters to be fit from the measured data, 4p;x(400). In general,
the values of these parameters will be specific to the particular material construction
tested.
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Table IV presents the values of Iyy.s corresponding to the three experiments.
The data for each of the three material constructions tested were fit to equation 4; the
resulting parameter estimates are given in Table V. The calculated change in
performance is presented as a function of measured changes in Figure 10. Here, data for
all three materials are shown, along with a composite linear regression line (which has
been constrained to intersect the origin to reflect physical reality that no degradation
occurs until light exposure begins). The dashed lines indicate the 95% prediction
interval associated with this regression. Equation 4 is seen to provide a very good
representation of the data.

Table IV. Cumulative UV-B Dose Experienced During Each Experiment
Concentration Factor ~ Time of Exposure Cumulative UV-B Dose (MJ/m’)

(hr)
50 563 221
75 32.0 1.89
100 26.4 2.07

Table V. Parameter Values for Material Constructions Tested

Parameter  Material X Material Y Material Z

A 7.0684x10*  22696x10°  8.4680x10™
C 0.0139 0.0073 0.0205
E 2376 1376 2510

The parameter estimates for the material X construction are in close agreement
to previously published results for a similar material construction tested by Jorgensen et
al. (7). Of particular note is the excellent agreement in the thermal activation energy
parameter, E, between the accelerated natural sunlight experiments (E=2376 K) and the
accelerated artificial light (xenon arc) experiments (E=2339 K) in (7). This provides
further confidence in the viability of both types of highly accelerated test protocols.

Comparison with Outdoor Results. A comparison of reflectance loss for material Y
exposed outdoors for one year in Golden, Colorado with the same material exposed for
a one-year equivalent at 75X at the HFSF is shown in Figure 11. Although both
samples experienced the same cumulative UV-B dose, samples were exposed at the
HFSF at nearly constant levels of temperature and relative humidity whereas these
stress factors were highly variable for the samples exposed outdoors. As an
approximation, samples exposed in the chamber quadrant having the closest match to
the yearly average temperature and relative humidity as reported by Marion and Wilcox
(8) were chosen for comparison with the outdoor samples. Equation 4 suggests that
this will significantly underestimate the severity of the effect of temperature because the
yearly average temperature during daylight exposure is considerably higher than when
nighttime temperatures are included. Similarly, the effect of relative humidity will be
overestimated. Given these complexities, it is not surprising that a difference in
reflectance loss at 400 nm can be seen in Figure 11. However, at slightly higher
wavelengths, good spectral agreement is evidenced between the highly accelerated and
real-time test results. Ideally, a time-dependent form of equation 4 should be used for
predictive purposes:
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Bp= Ao | [ Lo (A )R]0 70 0 e a, ©)
in which the coefficients are derived from experiments where the applied stresses are
accelerated and constant. Then these coefficients can be used with time-monitored
outdoor stresses to compute changes in performance from equation 6 that can be
compared with measured results. This extension to variable, uncontrolled exposure
conditions is planned as a future endeavor.

® ECP-300A v
®m ECP-305 /
54 | a ECP-305+ 7

Calculated Reflectance Loss (%)

Measured Reflectance Loss (%)

Figure 10. Calculated Versus Measured Reflectance Loss for
Materials X, Y, andZ

Conclusions

This work demonstrated that the type of solar mirror materials tested can be exposed at 50-
100 suns without introducing new (unrealistic) degradation mechanisms. In particular, it has
been shown that the sample temperature can be controlled sufficiently well at very high
levels of solar flux without adversely affecting the samples and the results. Furthermore, a
reciprocity relationship was verified between time and integrated flux for the materials
tested. That is, exposure at 50X for time t gives the same results (if all other stresses are the
same) as exposure at 100X for time t/2. The development of this unique facility allows the
universality and robustness of these findings are to be readily explored. A greater number of
samples should be tested to longer accelerated exposure times to improve the statistical
confidence in the results and to check reciprocity at greater levels of cumulative dose. A

In Service Life Prediction of Organic Coatings; Bauer, D., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: April 15, 1999 | doi: 10.1021/bk-1999-0722.ch011

184

wider variety of materials should be tested to ascertain the range of relevance of this
capability, as well as to better understand its limitations. Finally, more direct comparisons
must be made between ultra-accelerated test results and long-term outdoor exposure results.

| | —6— 1X; T,~10°C; RH, ~52%
—8— 75X; Tx17°C; RH~63%

Reflectance Loss (%)
1

=
<4
=
———
¥ ®
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Figure 11. Comparison of the Reflectance Loss of Material Y after a One-Year
Equivalent Exposure at 75X with Data Taken after One-Year of Outdoor
Exposure in Golden, Colorado
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Chapter 12

Reliability Engineering: The Commonality
Between Airplanes, Light Bulbs, and Coated Steel

William Stephen Tait

S. C. Johnson and Son, Inc., 1525 Howe Street, Racine, WI 53403-5011

Failure comes in a variety of different forms, depending on the system
and the environment to which it is exposed. However, failure has
attributes that are common to all forms of failure. The attributes of
failure are: 1) chemical and physical phenomena initiate small flaws in
materials, 2) flaws grow under certain environmental conditions, 3)
flaw growth rates can be used to estimate time of failure, 4) failure
occurs when flaws grow to a critical size, or damage accumulates at a
high enough level to cause failure, or the flaw can be observed by the
unaided eye and considered a failure, 5) the number of observed
failures in a population is not a continuous function of time, 6) the
cumulative number of failures in a population is a continuous function
of time, 7) the magnitude of cumulative failure in a population is
influenced by the environment, and 8) cumulative failure data can be
transformed into a linear form and the data extrapolated outside of its
range (within reason) to estimate population failure level. These
attributes can be used to estimate long-term failure times and
associated levels of failure using reliability statistics. Failure levels
for aerosol containers can be estimated to within an order of
magnitude of actual failure levels.

Every industry strives to make products that will perform for a designated service
lifetime without the level of failure exceeding a specified maximum. A specified
maximum level of failure is often referred to as an acceptable quality level, or AQL.1
An example of an AGQL and its associated service lifetime is 1% failures prior to five
years.

One method for estimating failure times and associated levels is a long-term
exposure test. Samples are exposed to service conditions; periodically inspected for
failures; and the number of failures at each inspection time are recorded.

186 © 1999 American Chemical Society

In Service Life Prediction of Organic Coatings; Bauer, D., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: April 15, 1999 | doi: 10.1021/bk-1999-0722.ch012

187

Long-term exposure tests can take several years to complete because they are
conducted until all samples have failed. The objective of an exposure test is to
determine if the desired service lifetime is achievable without exceeding acceptable
failure levels.

Unfortunately global competitive pressures usually prevent conducting tests
that take several years to complete, and results from a censored test must be used to
estimate long-term failure levels, or verify that service lifetime will be achieved
without exceeding acceptable failure levels. A censored test is one in which samples
are removed from test prior to failure, or the test is terminated prior to failure of all

samples.2

Different Types of Failure

There are many different types of failure. Figure 1 contains an example of a cracked
empennage cap on a single engine airplane (a failure in progress). Mechanical force
is applied to the empennage when an airplane begins to fly, and the force is removed
when the airplane lands. The mechanical force applied during each flight-cycle
initiates fatigue cracks like that shown in Figure 1, and causes the cracks to grow
until there is enough damage to cause failure. Cyclic mechanical stress is analogous
to cyclic stresses that result from daily and climatic changes in weather.

Figure 1. Cracked empennage cap on a single engine airplane

Figure 2 contains a photograph of a burned-out light bulb. A thermal stress is
applied to the bulb filament when the bulb is turned-on, and the thermal stress is
removed when the bulb is turned-off. Heat produced by electrical resistance also
causes loss of filament material during bulb use. The cyclic thermal stress and
thermal corrosion cause the bulb filament to crack, and the crack grows during each
use cycle until the filament fails (breaks). Thermal cycling also occurs during
weathering of coated metals.
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Figure 2. Burned-out light bulb.

Figure 3 contains a photograph of a corroded automobile door panel. Water
absorbs into the paint and diffuses to the paint-metal interface to cause blistering.
Blistering causes separation of the paint from the door panel, and more water diffuses
through the paint to accumulate inside the blister. Water accumulation in a blister
causes metallic corrosion that progresses under the paint, enhancing both growth of
the blister and separation of paint from the metal substrate.

Figure 3. Rusted automobile door panel.
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Figure 4 contains a photograph of the bottom portion of a perforated aerosol

container. The liquid in the container caused pitting corrosion in the crevice area
(indicated by the arrow), and the pit grew until it perforated the container metal.

Figure 4. Perforated aerosol container

The different types of failure in Figures 1 through 4 have several attributes in

common:

1. There are chemical and physical phenomena, such as electrochemical corrosion
and thermal or mechanical stress, that initiate small flaws in materials

2. Flaws grow under certain environmental conditions

3. Failure occurs when flaws grow to a critical size and; a) damage accumulates at a
high enough level to cause mechanical failure, or b) the flaw is considered to be a
failure because it is large enough to be observed by the unaided eye

4. Flaw growth rates can be used to estimate time of failure

5. The number of observed failures in a population is not a continuous function of
time

6. The cumulative number of failures in a population is a continuous function of
time

7. The magnitude of cumulative failure in a population is influenced by the
environment

8. Cumulative failure data can be transformed into a linear form, and the data

extrapolated outside of its range (within reason) to estimate the time and level of
failure for a population.
These attributes of failure can be used with reliability statistics to predict

service lifetime from short-term censored tests.

Service lifetime can be mathematically expressed with the following general

equation:
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EFT; = T; + S* 1)
rate

Where the rate term in Equation (1) is flaw growth rate; EFTj is the expected
failure time (service life) for an individual unit; Tj is the initiation time for the flaw

that causes failure; and S* is the flaw size that causes or constitutes failure. Initiation
time (Tj) is often a distribution of times, and defect growth rate (“rate” in Equation 1)

is a function of the material and its environment. Linear growth rates have been
observed for metal pitting corrosion such as that in Figure 4;3:4,5 exponential growth
rates are expected for metal cracking like the examples in Figures 1 and 2;6 and

linear”-8,% or exponential 10 growth rates have been reported for organic coating
blistering such as that in Figure 3.

It will shown that an approximation of Equation (1) can be used to estimate
failure time and cumulative failure level for aerosol container failure by pitting
corrosion such as that shown in Figure 4.

The correlation between predicted and real-time results for aerosol containers
will be discussed at the end of this paper, along with some key elements that are
needed for any successful reliability program.

Attributes of Failure
A brief discussion of the attributes of failure will provide background for how they
are used with reliability statistics to model failure levels.

1) There are Chemical and Physical Phenomena, such as Electrochemical
Corrosion and Thermal or Mechanical Stress, that Initiate Small Flaws in Materials.
Phenomena like electrochemical corrosion or stress can initiate flaws such as pits,
paint blisters, and cracks in materials. Flaws typically initiate in microscopic
areas.11,12,13  Consequently the onset of failure is often difficult to detect with the
unaided eye, and it takes time before the flaw size can be observed with the unaided
eye, or measuring equipment must be used to detect flaws in materials.

2) Flaws Grow under Certain Environmental Conditions. It is well known that
flaws like fatigue cracks, paint blisters, and corrosion pits all continue to grow as
long as the environment that initiated the flaw, or conditions that enhance flaw

growth, are not removed from the material 514,15

3) Failure Occurs when Flaws Grow to a Critical Size; or Damage Accumulates
at a High Enough Level to Cause Mechanical Failure; or the Flaw is Considered to be
a Failure because it is Large Enough to be Observed by the Unaided Eye. Failure is
defined by the type of service. For example, a steel bolt will break from tensile
stresses when a pit or stress crack reduces bolt cross section to where there is no
longer enough metal to support the applied load. Blisters on painted metals are
considered failure when blister size is large enough to be observed with the unaided
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eye. Both of these examples encompass a flaw that has reached a size at which
failure occurs.

4) Flaw Growth Rates can be used to Estimate Time of Failure. Flaws have
growth rates that can be estimated or measured. Expected Failure Time (service
lifetime) of an individual component is equal to the time that it takes for a defect to
initiate in the material and grow to a critical size (S*) that causes failure, or is
considered to be failure.

5) The Number of Observed Failures in a Population is not a Continuous
Function of Time. The number of failures observed at different times in a population
are seemingly random. Figure 5 contains a histogram for the number of aerosol
container failures observed at different times during a long-term test. It can be seen
in Figure 5 that the number of failures do not appear to follow a continuous trend,
indeed, there are several times during the test when no failures were observed.

14
%7
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é
o 10 %
%
: a
Z 8 7
£ é% No failures occurred
E 4 %
] %%
2 é”
22
2 7
7
04 %% 2

0 40 80 120 160 200 240
Exposure time (days)
Figure 5. The number of failures observed at a given time appear to be random

6) The Cumulative Number of Population Failures (or cumulative percent) is a
Continuous Function of Time. Data like that in Figure 5 can not be extrapolated
outside of test times. Fortunately the cumulative number of failures is a continuous
function of time, as demonstrated in Figure 6, where data from Figure 5 are plotted in
the cumulative form. Numbers of failures were normalized by converting them to
percent of total test population. This conversion was done so that results from test
parameters having different numbers of samples could be compared to each other.

The cumulative form of failure in Figure 6 can be extrapolated to times
outside test times because failure level is a continuous function of time.

In Service Life Prediction of Organic Coatings; Bauer, D., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: April 15, 1999 | doi: 10.1021/bk-1999-0722.ch012

192

110

90

70

50

30

Cumulative failures in percent

-10 v v v
-20 20 60 100 140 180 220 260

Exposure time in days

Figure 6. Data in Figure 5 graphed as cumulative percent failures
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Figure 7. Changing the environment changes failure times

7) The Magnitude of Cumulative Failure in a Population is Influenced by the
Environment. The magnitude of cumulative failure is determined by the growth rate
of the phenomena that causes failure, and this growth rate is determined by the
material and the environment to which the material is exposed.16 Figure 7 contains
several failure curves for metal containers exposed to various salt solutions having

0.1 molar concentrations of salt in deionized water.16 It can be seen that the failure
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level for the calcium solution was higher than those for potassium, sodium or lithium
solutions. Water that was essentially ion-free (deionized water) had the lowest failure
levels for any given time.
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A 1% failure level is
expected to occur at
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N
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100
Expected failure time (days)

Figure 8. An example of expected percent failures plotted as a function of associated
expected failure times on Weibull probability paper

8) Cumulative Failure Data can be Transformed into a Linear Form. Data like
that in Figures 6 and 7 can be transformed into a linear form with probability density
functions (pdf) such as extreme value or Weibull functions. Figure 8 contains an
example of failure data that have been transformed by plotting the data on Weibull
probability paper. It can be seen in Figure 8 that the data are reasonably linear, and
can be extrapolated within reason to test times that are outside of those for the data.
For example, the data in Figure 8 are extrapolated to find the time at which 1%
failures are expected to occur. There are other probability density functions that can

be used to transform data into a linear form, 17 and it is advisable to use the pdf that
best fits the data for an extrapolation like that illustrated in Figure 8.

Case History: Using Failure Attributes to Model Failure of Aerosol Containers
Aerosol containers are a common form of consumer packaging. Indeed, there were

2.8 billion metal aerosol containers produced in the United States in 1996.18 Failure
for aerosol containers is defined in this paper as when a pit perforates the container to
cause it to leak. Figure 4 has an example of an internally coated container that failed
from pitting corrosion in the bottom double seam of the container.

The algorithm used to model container failure time for pitted censored
samples is contained in Figure 9. The pitting rate for a given container-formula
system is estimated by dividing maximum pit depths for individual containers by the
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Maximum sample
Pit Depth

Original sample thickness Sample Exposure Time

\4/

Sample pitting rate = (Depth)/(Exposure Time)

|

Select highest rate among all test samples

|

Remaining metal thickness = (sample thickness) - (pit depth)

|

Sample time before failure = (remaining metal)/(highest observed rate)

|

EFT = (Sample time before failure) + (Exposure time)

Figure 9. Algorithm used to calculate expected failure time from pit depth and
exposure time.

corresponding exposure time, and selecting the highest rate among all samples as the
best estimator for the system pitting rate. Pit depth is subtracted from metal thickness
to get the metal remaining under the deepest pit. Remaining metal thickness is
divided by the highest pitting rate to obtain the expected remaining time-before-
failure for each container. Expected failure time is calculated using a modification of
Equation (1):

EFT; = ET; + remaining metal )
highest observed rate

Where ET; is the exposure time for individual samples; remaining metal is the

amount of metal left under a pit; and the highest observed rate is the highest pitting
rate observed among all samples in the test. Pitting rate is estimated by dividing
exposure time into the pit depth. Equation (2) is an approximation for Equation (1).
This approximation is necessary because it is very difficult and time consuming to
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obtain the magnitude for T; in Equation (1). It will be demonstrated that Equation
(2) is a reasonable approximation for Equation (1).

The basic assumptions used to build the algorithm in Figure 9 are:19
1. pits nucleate at different times
2. there is an intrinsic pitting rate for a given metal in a specific environment
3. the deepest pit observed among all samples examined at a given exposure time is

the oldest pit, and thus the best estimator of the intrinsic pitting rate.

Failure data were gathered from static storage tests in which aerosol
containers were filled with the desired liquid, pressurized and stored in constant
temperature rooms for one to several years.20 Static storage tests were censored
because containers were periodically removed from constant temperature rooms;
de-pressurized; emptied; open and inspected for corrosion. Constant temperature
rooms were typically maintained at 21°C and a higher temperature such as 38°C.

The algorithm used to model expected failure level for each expected failure
time is contained in Figure 10. This algorithm follows the statistical procedure

discussed by Kapur and Lamberson for graphical analysis of censored tests.21

Assign temporary EFTs to Censored Samples

!

Arrange all EFTs in ascending order

v
Calculate sample increments for determining rank order

|

Calculate median ranks for pitted samples

|

Calculate probabilities for pitted samples

!

[Estimate population critical age I

Figure 10. Algorithm for statistical treatment of censored test data.

EFT is the expected failure time that is estimated from pit depth; growth rate;
and container exposure time. Critical age is the time where the specified maxinum
failure level for a population is observed.

Table 1 contains comparisons between expected failure levels (EFLs), and

observed failure levels.20 It can be seen that the estimated EFL is typically within an
order of magnitude of the observed failure level.

The accuracy of expected failure times and their associated EFLs can be
improved if the actual container pitting rate is known. Unfortunately the only way to
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estimate pitting rates for aerosol containers is to open containers and measure the pit
depths, and assume the deepest pits were growing during the entire exposure time.
The assumption about pit growth time causes inaccuracy in the estimated pitting rate,
causing some of the differences between actual failure levels and EFL magnitudes
observed in Table 1. The use of only the Weibull pdf to model the data also
contributes to the differences between actual and EFL magnitudes. Evaluation of
different probability density functions is a topic that is being pursued at this time and
will be reported in a later publication.

Table 1. Comparisons between estimated and observed failure levels

EFL Observed failure levels

5% 11.5%
185% 16.7 %
17.7 % 333%
92% 222%
8.1% 83%
36.8% 30%
559% 55.6 %
64.4% 63.6 %
5.6 % 83%
12.6 % 83%
13.5% 16.7 %
83 % 125%
6.7% 10%
413 % 41.7%
238% 25%
23 % 143 %
298 % 333 %

Successfully using Reliability Statistics

There are a few key elements that should be incorporated into any reliability

program:

1. Use replicate samples for each test parameter

2. flaw size that causes failure should be known or determined

3. flaw growth rate should be determined or estimated for each test parameter so
that failure times can be estimated for censored samples

4. Use the pdf that best fits the data to estimate EFL

Summary
The attributes of failure can be used to obtain expected failure levels (EFLs) that are
the same order of magnitude as actual failure levels.

The algorithms described in this paper can be used for a variety of failure
types where flaw growth rate is known or can be estimated, and the level of damage
that causes failure is known.
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More accurate EFLs for aerosol container failure can be obtained if the actual
pitting rate is measured without having to destroy containers to locate and measure
pit depth.

There are several probability density functions (pdf) that can be used to model
failure data, so that data can be extrapolated (within reason) outside of the original
data set. It is highly recommended that the best fit pdf data be used for extrapolation.
Carte blanche use of the same pdf for all data can lead to inaccurate estimates for
EFL.
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Chapter 13

Use of Reliability-Based Methodology for
Appearance Measurements

P. Schutyser and D. Y. Perera

Coatings Research Institute (CoRI), Avenue Pierre Hologge, B-1342
Limelette, Belgium

The influence of the weathering temperature on the color change and gloss
retention of a polyester/TGIC powder coating during a series of accelerated
weathering experiments was studied according to the principles of the
Reliability Theory. Continuous UVB-313 radiation was used throughout.
The Arrhenius-Weibull model adequately described the influence of
weathering temperature on color change. The gloss retention data, however,
could not be modeled: increasing specimen lifetimes ranked in the order of
57 < 66 <36 < 73°C. The Weibull distribution may be less suitable as a
lifetime distribution for the gloss data obtained in this work.

When submitting a coating for a durability test, whether outdoor or accelerated, usually
only a few coating specimens are exposed. The performance of the specimens with
respect to the properties of interest is measured at regular intervals. Usually the test is
carried out during a preset time after which the property under study is compared with a
preset threshold. If the coating performs as good as expected or better, it passes the test,
otherwise the coating is considered to have failed.

Three comments can be made regarding this approach. First, it is questionable that
the performance of the coating can be derived from such a small number of specimens
tested. Second, it is tacitly assumed that all tested specimens behave in the same way
during the test and that the coating performance is accurately described by the average
performance of the specimens. Third, weathering devices are not perfect. The tempera-
ture, UV-irradiance and humidity are not always perfectly homogeneously distributed
in the weathering device, nor is their stability in time perfect. This can result in a
different behavior of the same product depending on the location of the specimen in the
weathering device (1) or the time of the observations.
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Durability and reliability. The crux is how to derive a product characteristic (i.e.
durability) by testing individual specimens of the product. To our knowledge, existing
standards give no information on how to achieve this. In other industries [electronics
(2), nuclear (3), aerospace {(4)], facing the same problem, viz. evaluating the reliability
of the product, a method, based on the Reliability Theory, is being applied successfully.
Martin and McKnight (5) were the first to propose and use this theory in the field of
organic coatings.

When durability of a coating is treated in terms of reliability, making a clear distinc-
tion between two closely related notions is necessary. The lifetime of a coating speci-
men is the time it complies with certain specifications (color change, gloss retention,
corrosion resistance, etc.). The lifetime of specimens can be readily obtained from
weathering experiments. The service life of a coating is the time a coating complies
with certain specifications at a predefined probability level. This is a more useful
concept as it gives information on the product itself by stating directly the percentage of
the coating that is still complying with the specifications after a time equal to the
service life has elapsed.

As mentioned earlier, the existing standards make no distinction between these two
notions and consequently describe no procedure to obtain coating service life estimates
from weathering experiments, The available literature on service life determination of
coatings (5-/0) shows what could be achieved.

Theoretical

From a sufficiently large population of "identical" coating specimens a representative
sample of » specimens is drawn and submitted to a certain "stress” such as temperature
(this work), UV-radiation, relative humidity, etc. Measuring the resulting degradation
quantitatively for each individual specimen at regular intervals is essential. The curve
describing the evolution of the evaluation parameter as a function of weathering time
for each individual specimen is called the sample curve of that specimen. The lifetime
of a specimen is then defined as the time at which its sample curve reaches a preset
limit or failure criterion. In this way the lifetime of each specimen can be calculated for
the weathering conditions used. The spread in the sample curves, due to the specific
response of each specimen to the imposed stress, is also reflected in the spread of the
lifetimes of these specimens. After arranging these lifetimes in ascending order, a
cumulative distribution can be fitted to these values. Several types of distributions can
be used in lifetime studies. In this work the cumulative Weibull distribution ({1,12)
was used:

Ny )
Fiy=1-¢ © @

It is characterized by the scale parameter o and the shape parameter B, determining
respectively the shift of the distribution along the time axis and the shape of the
probability density function. By solving this equation for the time, t, the maximum
service life, t,, under the weathering conditions used, can be calculated:

sl>
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1
t, = al[-In(1 - ®)]° @

S

where @ represents the fraction of the specimens failed after a time t,,. Next, the test is
repeated, each time submitting a new sample drawn from the same population to
different levels of the same stress (temperature). As a result, each experiment generates
its own distribution with corresponding values for the scale and shape parameter. In this
way, the weathering behavior of the coating as a function of temperature is described by
considering o and P as functions of the stress (temperature) applied. Equation 2 can be
generalized to:

L
t, = F(Ty[-In(1 - ®)]"™" @

With the help of equation 3, a Probability of failure-Stress-Time to failure (PST)
diagram can be calculated. It describes the evolution of coating service life with stress
(temperature) at a predefined reliability level (1-®).

From the description above it follows that the spread in the specimen lifetimes
contains valuable information as long as this variation originates only in the coating
itself. It is therefore very important that these data are not distorted by systematic errors
due to imperfections in the weathering and measuring equipment. In the current
practice of using but a few specimens, only gross systematic errors will show. How-
ever, when conducting weathering experiments according to reliability principles,
systematic errors due to weathering device imperfections can become quite visible. It is
the authors' view that until now, the required level of weathering device control has still
not been fully appreciated by both the device users and manufacturers.

Experimental

Material. Powder coating: carboxyl-functional polyester crosslinked with triglycidyl-
isocyanurate; pigment: TiO,; PVC: 33%; T, = 78°C (as measured by DSC, heating rate
20°C.min™").

Specimen Preparation. The powder coating was applied with an electrostatic spray
gun on aluminum substrates treated with Alodine 1200S (The Q-Panel Co.) and cured
at 200°C for 15 min. Approximately 100 identical specimens were prepared. From this
population four sample sets of 18 to 32 specimens were selected using a random
number generating program to avoid systematic errors due to handling or to variability
in their production.

Instrumentation. The color measurements were carried out with a Minolta Chroma
Meter CR-200. The color difference, expressed in AE units according to the CIE 1931
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L*a*b* system, was calculated for each individual specimen by measuring its color
before weathering as its initial (or zero exposure time) reference value. Each specimen
was measured at three different spots to allow for sample heterogeneity. The gloss
measurements were made with a Byk Gardner Micro Tri Gloss glossmeter at an
observation angle of 20°; each specimen was measured at six different spots. Gloss
retention values of the specimens during the weathering experiments were calculated
with the initial gloss values of the specimens as reference values (100%). The samples
were measured as such, i.e. without wiping them off before the measurements as no
condensation cycles were used during weathering.

All accelerated weathering experiments were carried out in a modified "Q.U.V.
Accelerated Weathering Tester" (The Q-Panel Co.) without irradiance control (9).
Continuous UV irradiation with UVB-313 lamps was used at different temperatures
(36, 57, 66 and 73 °C). Prior to the actual weathering experiments, the QUV was
stabilized at each temperature and the temperature at each sample location was mea-
sured. The resulting temperature “maps” of the QUV allowed selection of those
locations showing a standard deviation of maximum 2°C on the spatial average
temperature. The long term temperature stability, expressed as the standard deviation
on the average temperature during an entire weathering experiment, was in each case
better than 2°C.

Accelerated Weathering Procedure. At regular intervals all the specimens were
removed from the Q.U.V. for evaluation. Afterwards, the specimens were put back
according to an up-and-down and left-to-right scheme based on the manufacturer’s
recommendations. This helps to reduce the influence of possible remaining spatial
inhomogeneities of weathering conditions such as the UV-irradiance level as no means
of controlling or monitoring the UV-irradiance were available.

Results and Discussion

Color Change. The 18 sample curves describing the color change at 66°C as a
function of weathering time are given in Figure 1.

Nonlinear regression was used to fit an exponential model to the sample curves of
the specimens to improve the accuracy on the calculation of the specimen lifetimes:

AE = Ci(1 - ¢ @

The lifetime of each specimen was determined by solving equation 4 for t for a failure
criterion AE = 0.8. Figure 2 summarizes the cumulative Weibull distributions obtained
at the temperatures used. Several observations can be made. The agreement between
the experimental and theoretical distributions is satisfactory, suggesting the validity of
the Weibull distribution as a lifetime model. The accelerating effect of temperature on
the evolution of color is obvious from the gradual shift of the distributions towards
shorter lifetimes with increasing weathering temperature. An analysis of the evolution
of the scale and shape parameters with temperature reveals that the shape parameter
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Figure 1. AE sample curves obtained during an accelerated weathering at 66°C (QUV;
UVB-313) of a PE/TGIC powder coating.
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Figure 2. Evolution of the experimental (symbols) and theoretical (line) lifetime
distributions for color difference with weathering temperature during an accelerated
weathering (QUV; UVB-313; failure criterion AE = 0.8) of a PE/TGIC powder coating.

In Service Life Prediction of Organic Coatings; Bauer, D., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: April 15, 1999 | doi: 10.1021/bk-1999-0722.ch013

203

shows no significant evolution in the temperature range studied. Therefore, the mean
value of the shape parameters was used in subsequent calculations. Figure 3 shows that
the temperature dependence of the scale parameter can be represented by an Arrhenius-
type equation in the temperature range applied. Thus, equation 3 can be modified to:

b 1
a+ =

( ) —
_ T 5
t,=10 T-[-In(1 - @] ®
which is known as the Arrhenius-Weibull model.

log (scale)

0.6 e ¢ 36°C
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T (K" (x 10,000)

Figure 3. Arrhenius plot of Weibull scale parameter for a failure criterion AE = 0.8 (.....
95% confidence interval).

A good agreement is found between the extrapolated and the experimentally deter-
mined service life at 36°C during a QUV weathering under the conditions used in this
work: the service life at the 95% reliability level (i.e. 5% of the specimens failed, or 1.6
specimens of 32) is calculated to be 13.6 d, which is fairly close to the experimental
value from Figure 2 (first specimen failure after 14.2 d, second failure after 14.9 d).
These results suggest that for the powder coating studied the Arrhenius-Weibull
lifetime model can be applied to the obtained AE data.The corresponding PST-diagram
(Figure 4) represents the evolution of the service life with respect to color change as a
function of temperature under the weathering conditions used. The three curves
correspond to different reliability levels, viz. 99, 95 and 90%. It also shows that for the
same data set, a high reliability inevitably results in a shorter service life. These
diagrams hold great promise for the comparison of different types of coating, which is a
prime goal of durability testing.
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Figure 4. Probability of Failure-Stress-Time to Failure diagram for 99, 95 and 90%
reliability with observed (¢: first, 0: second) and predicted (®) failure times at 36°C for
a PE/TGIC powder coating during an accelerated weathering (QUV; UVB-313).

Gloss Retention. The gloss measurement data were handled as described in the
previous paragraph. The applied failure criterion was 50% gloss retention; the specimen
lifetimes and the Weibull lifetime distributions were calculated accordingly. Figure S
gives an overview of the curves obtained at the different weathering temperatures used.
Two important differences with respect to the corresponding AE data emerge. First, the
distributions do not line up in the expected order: the ranking according to increasing
lifetime is 57°C < 66°C < 36°C < 73°C. This reversal cannot be attributed to errors in
the weathering temperature since the AE and gloss data were obtained from the same
specimens weathered in the same experiments. Second, the agreement between the
experimental and fitted lifetime distributions is not as good as found for the AE data.
Consequently, the lifetime analysis could not be continued by the lack of a suitable
model. Nevertheless, these service life experiments seem to suggest that the impact of
weathering temperature on gloss retention cannot be disregarded. Specular reflection
depends on the angle of reflection and on the refractive index and roughness of the
reflecting surface (/3). The question remains which of these factors are influenced by
temperature and how this relates to the degradation of the coating. The comparison of
gloss data obtained at different temperatures will therefore require careful examination.
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Figure 5. Evolution of the experimental (symbols) and theoretical (curve) lifetime
distributions for gloss retention with weathering temperature during an accelerated
weathering (QUV; UVB-313; failure criterion: 50% gloss retention) of a PE/TGIC
powder coating.

Conclusions

The results reported in this work show that the evolution of the service life with
temperature is described by the Weibull-Arrhenius model with respect to the color
change failure mode. A good agreement was found between calculated and experimen-
tal service life values under the weathering conditions used. The gloss retention data
could not be modeled due to a yet unexplained effect of the weathering temperature.
Despite the apparent simplicity of the service life experiments described in this work,
it could be shown that the weathering temperature had a significant influence on color
change and gloss retention.
The results presented here suggest that a thorough understanding of the underlying
mechanisms of weathering be needed to ascertain that the evaluation parameters used
are linked to the weathering of the coating.
The treatment of accelerated weathering data according to the principles of the
Reliability Theory offers distinct advantages over the current practice of durability
assessment:
® the validity of the procedure outlined in this work is not limited to AE vs. tempera-
ture experiments. The same method can in principle be applied to other types of
weathering, as long as quantitative data are obtained;

® the method results in a quantitative, statistically meaningful statement on the
service life of a coating;

In Service Life Prediction of Organic Coatings; Bauer, D., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: April 15, 1999 | doi: 10.1021/bk-1999-0722.ch013

206

the larger number of specimens involved minimizes misinterpretations due to
outlier results; instrumental and/or measurement errors will show through inconsis-
tent data;

in this work, the Arrhenius-Weibull model was used. However, the same data sets
can be recalculated using other models, without having to repeat the weathering
experiments;

the PST diagrams hold great potential for the extrapolation of coating service life
towards lower temperatures, as well as for the comparison of the service lives of
different coatings, on condition, however, that the weathering conditions are
chosen correctly.
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Chapter 14

Analysis of Coatings Appearance and Surface
Defects Using Digital Image Capture-
Processing-Analysis System
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Professor, Polymer Education and Research Center, School of Textile and
Fiber Engineering, Georgia Tech, Atlanta, GA 30332-0295
*Staff Chemist, Automotive Products, Marshall R&D Lab, DuPont
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Durability and weathering studies of coatings involve accurate
monitoring and meaningful analysis of the coating’s appearance. The
currently available techniques that monitor and analyze coatings are
oftentimes deficient in accurate characterization of coating appearance.
Furthermore, visual attributes that comprise the surface of interest are
typically assessed by humans, making objective assessments laborious
and difficult. Implementation of digital imaging in various scientific
applications has been proven accurate and productive. The Video
Image Enhanced Evaluation of Weathering(VIEEW) system has been
developed at Atlas Weathering Services Group, Miami, in collaboration
with Georgia Tech. In this report, applications concerning automotive
top coat defects are presented using the digital imaging/image
processing/image analysis instrument. The VIEEW data was also
compared with conventional evaluation results. The VIEEW system
demonstrates that the appearances changes and surface defects created
by durability/weathering tests on automotive coatings can be visualized
and quantified accurately. As regards to service life prediction(SLP) of
organic coatings, meaningful visualization and precise quantitative
surface measurement would undoubtedly further the effort to
understand the complex kinetics of a material’s chemical and physical
property degradation, as well as mechanical performance changes.

Appearance property measurement is an important coatings evaluation (1,2,3,5,6,7).
The word "appearance" refers to the measurement of the visual attributes of an object.
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Unlike other material properties, the appearance properties are tied to human
psychology. As with other subjective visual assessments, the results are often sensitive
to biases in individual’s perception. Recommended protocol often requires the
estimation of size, shape and distribution characteristics by eye -- perceptual
judgments that are often tedious and time-consuming. The complex response of human
perception can be, however, partially measured using photometric devices. While
photometric devices can measure the amount of light reflected from the target area of
an object, the spatial composition of the target area is still at a loss. Hence it would be
desirable to develop automated instrumental methods incorporating two-dimensional
imagery for evaluating coating integrity and measuring degradation.

Digital imaging and image process/analysis techniques have been available for many
years in the scientific community. From biology to metallurgy, imaging has routinely
been applied in surface characterization and for monitoring the kinetics of changes in
surface/component morphology. Its ability to gather visual information in two (and
pseudo-three) dimensional format in a transferable digital file has been fully accepted.
Also, its ability to "analyze" and "archive" the imagery only furthers the applicability.

In weathering and durability studies of coatings, understanding surface deterioration
and surface visualization is important. (9-20). While qualitative microscopic
visualization techniques have benefited studies, quantitative macroscopic visualization
techniques have not been readily available. The macro scale surface evaluation of
coatings has been carried out by mostly human visual comparison techniques.
Standard human visual comparison techniques used in the coatings industry include,
but not limited to, visual color change, gloss change, general appearance, chalking, dirt
retention, mildew growth, crazing, checking, rust, erosion, flaking, blistering, water
spotting, discoloration and visual haze.

Monitoring the onset of change in a coating's appearance, and subsequent kinetics of
these changes, can often provide insight into the underlying factors such as chemical
or mechanical performance degradation. This information may lead to a better
understanding of the adverse impact of environmental factors, material properties,
material processing, and application consideration(4). Ultimately, a detailed
understanding of the factors, and their respective impact, will help make meaningful
service lifetime prediction a reality, as well as product design/modification more
efficient.

Quantitative macroscopic visualization using digital imaging and special illumination
design (Video Image Enhanced Evaluation of Weathering, VIEEW) has been studied
at Atlas Weathering Services Group in collaboration with BARN Engineering in 1993
and later with the Georgia Institute of Technology. Introduced by NIST to the organic
coatings industry in the early 90's, this digital imaging technology has gained interest
from various materials related and, especially, the weathering and durability related
field for its robust and quantitative analysis capability.
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This paper describes 1) shortfalls of the conventional photometric appearance
measurement techniques in weathering and durability applications, 2) the VIEEW
system, and 3) the applicability of the VIEEW technology for automotive coatings
durability studies, specifically in the visualization and the quantitative analysis of
automotive topcoat defects such as scratch and mar defects, acid etch defects, weather
induced cracking defects, and gravelometer chip defects.

Conventional Appearance Measurement Methodology I - Reflectance Based
Photometric Measurements

Specular gloss is probably the most important and recognized reflectance based
photometric measurement technique used in weathering studies for the analysis of the
top coat of automotive coating systems. While specular gloss can quantify the
reflectance characteristics of an object, it is noteworthy that gloss values do not
precisely describe surface conditions of interest, in the case of automotive coatings,
the surface of the topcoat. A common problem in reflectance based photometry lies in
the influence of chromatic attributes (color) in the measurement value. This problem
can be easily illustrated by referring to Figure 1 where idealized goniophotometric
curves of the photo current as a function of viewing angle are given. The curves S and
u are goniophotometric responses of a perfect diffuse reflector and a semi gloss white
coating, respectfully. From the schematics, a height of gloss, h is defined as

poP-Ws_ P A

Sas _E_loo
4=2
So

Photo Current

Angle of Viewing

Figure 1. Schematic representation of photocurrent as a function of viewing angle.
(Reproduced with permission from reference 21, Copyright 1972 Elsevier.)

Where, A is the relative brightness of the sample compared to a perfect diffuse
reflector. By this definition, high gloss coatings have higher h values. From the
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schematics, however, one can see that the absolute value of p, the actual intensity of
specular gloss, would not be the only determining factor in evaluating gloss. Here the
numerator in the formula is computed by the differences between specular reflection
and diffuse reflection of the sample. For example, two coatings exhibiting the same
quantities of specular reflection would not necessarily have the same gloss value. A
coating with a lower A value would have higher gloss value due to the diffuse
dependency at the specular angle. Inspecting a black specimen and a white specimen
of identical surface finish condition can easily demonstrate this phenomenon. Using a
gloss meter, the black specimen would be rated at a higher gloss level than the white
coating. While this result may agree with human visual perception, the results do not
describe directly the materials’ surface condition and may lead to inappropriate
interpretation.

VIEEW Image Capture/Image Processing/Analysis System - Hardware

An imaging system is comprised of largely two separate functional components.
These are 1) The optical component (Image acquisition) and 2) The computing
component (Image processing/analysis). The VIEEW system includes an image
acquisition software unit and separate image processing/analysis software. It has been
found efficient to install the acquisition and the processing unit independently for
optimum operation. The optical component is comprised of illumination sources and
focusing optics.

The importance of light geometry cannot be overstated in photometric devices. For
the VIEEW system, it is impossible to use conventional lighting schemes commonly
used with commercial image capture and other photometric systems. Unlike the
conventional photometric devices where a two dimensional optical arrangement is
usually adequate, for coatings and other similar surfaces, we use a three dimensional
optical arrangement where the focal plane is perpendicular to the optical axis in order
to provide spatially even focusing.

The main system characteristic of VIEEW is the availability of two distinct
illumination schemes enabling geometric and chromatic viewing. It is well known
that it is most discriminating (as far as reflectance or gloss is concerned) when light is
directed to a surface at a low incident angle. The most ideal incident angle is 0°. This
angle is particularly useful for capturing surface texture and roughness. When the
light is directed to surface at 0° angle, it will be reflected from the surface at 0°. When
a stream of light is reflected perpendicularly (0°) from the surface, the direction of
reflection is confined to 0° if the surface is optically smooth. However, when the
surface is not optically smooth, the light will be reflected from the surface at angles
greater than 0°. See Figure 2.
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Optically Smooth Surface  Optically Rough Surface
Figure 2. The 0° incident light interaction.

This scattering effect of reflected light is most beneficial in examining surfaces in the
presence of dirt, scratches, and streaks (common in weathered surfaces). These
characteristics render conventional gloss measurements unreliable. When the light is
reflected at large angles caused by the irregularity of the surface the scattering would
not affect image formation since it is not detected by the target receptor. Figure 3 is a
composite of four automotive top coat images captured using the VIEEW system
showing the off-axis scattering of scratch marks appearing as dark lines.

Figure 3. The scattering effect of 0° incident reflected light.

The VIEEW system uses another illumination scheme that induces chromatic
reflection (diffuse reflection). When a uniform, spatially integrated radiation
distribution is required, an integrating sphere technology is commonly used. An
integrating sphere is composed of two perfect hemispheres that are coupled together to
form a spherical cavity. Also, the inner surface of the sphere is coated with a high
reflectance substance to achieve a high degree of diffuse illumination. The VIEEW
system accommodates a direct viewing path through co-axially-situated entry and exit
ports. For both illumination schemes (directional [0°] and diffused), the output
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illumination intensities are also controlled digitally. See Table 1 for the comparison of
the two distinct modes of illumination conditions.

Chromatic Information Geometric Information
(Diffuse [llumination) (Directional[0°] Illumination)

Table 1. Chromatic and geometric viewing of a partially weathered sample. Note the
difference in the ability to detect defects.

The current VIEEW system is a desktop unit as shown in Figure. 4. As part of an
inspection system, the VIEEW is equipped in order to permit repeatability and
reproducibility. The viewing condition of each capture session is automatically
recorded for optimum repeatability. The variable intensity control of the VIEEW
system enables a wide variety of surface conditions to be viewed. Similarly, the
position of the sample is recorded using a stepper motor controlled X-Y stage. This
allows imaging the same location of the specimen as a function of exposure time.

Figure 4. The VIEEW System.
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VIEEW Image Capture/Image Processing/Analysis System - Software

The image analysis software deals with specific defect types. In dealing with each
defect, the program needs to decide what attributes are relevant and how they can best
be measured. Some deal with the estimation of size, shape and distribution
characteristics while others derive first order as well as second order surface texture
properties to estimate damage. The first category, by its nature, requires a binary
image as input, thus requiring a thresholding step to convert the image to black and
white. The thresholding method selected must be appropriate for the defects in
question. The measurements made for each are described separately below when
discussing each of the defect types.

Coatings Systems and Defect Types
1. Scratch and Mar Defects
Test:

Scratch and mar resistance testing of automotive coatings is done routinely and used
as the basis for comparison of a coating's mechanical performance. Traditionally, both
(lubricated) wet and dry mar testing protocols have been used (8) to inflict scratch and
mar damage similar to that encountered in the field. Wet mar, for example, occurs in
car washing, which is generally considered the most significant contributor to this type
of damage, and in buffing operations used during repair. Dry mar comes from a broad
range of materials that can contact the coating such as clothing, keys, paper, building
materials, blowing sand, bushes, etc. Various imaging techniques, including optical
and atomic force microscopy, have been used to determine type and extent of damage.

Marring of a commercial styrenated-acrylic/melamine automotive clearcoat was done
to create six distinct levels of surface damage. Marring was accomplished using a test
device that has a reciprocating motion with the arm moving. The arm is equipped with
a block to which a felt pad is mounted. The surface of the panel is marred using a
slurry of aluminum oxide in water and a polishing cloth pad (LECO Pan W). A
polishing cloth was selected that (itself) did not damage the coating. Therefore, all of
the damage was assumed to come from the grit slurry. The Daiei Rub Tester was
found to be particularly useful for performing this test. Standard conditions for testing
of automotive clearcoats are 500 gram weight, 10 cycles, and 320 grit aluminum oxide
particles at a concentration of 0.1%. In order to generate six levels of damage we
applied 10, 20, 30, 60, 75, and 100 cycles, keeping other parameters the same.

Objectives:
The main objective of the scratch and mar evaluation was to differentiate and quantify

the surface condition according to the amount of damage. It was particularly
interesting to see whether the image analysis would match human perception of the
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amount of damage visually detectable. Five images per each cycle were taken. Only 3
images per cycle are shown below. The data reported in a later section reflect all 5
readings.

Image Acquisition Condition:

1. Illumination Type: Directional Illumination
2. Illumination Intensity: Reflectance View

3. Image Dimension: 0.5 “ X 0.67 «

4. Image Size: 320 X 240 pixels

6. Sample Color: Black

Revolution

10

20

30

60

75

100

Table 2. Scratch and mar defect of automotive topcoat
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Approach:

The overall effect of marring can best be measured using the overall loss in the ability
to reflect light from the surface. While gloss measurements are aimed at deriving this
property, the color of the underlying base coat affects the results somewhat. In
addition, the uni-directional marks on the surface make gloss measurement difficult.
With the VIEEW system, the 0° directional illumination scheme provides a better
measure of the reflective properties of the surface. Furthermore, since we obtain an
image of the surface, other textural attributes can easily be determined for the surface.
Some of the measurement techniques are listed below.

We begin by examining the mean (x) and standard deviation (s) of image intensities.
Elementary probability suggests that an image generated by randomly sampling a
discrete uniform distribution, U(Gpjn, Gmax) has an expected intensity value of
(Gmin + Gmax)/2 and a variance of [(Gmax - Omin + 1)2 - 11/12. Most 'natural’
images have a distribution that approaches normality, although often exhibiting a
distinct skew. Since the light is kept constant for all specimens, the relative shift in
the image brightness is directly a result of the surface scratching. With increasing
marring, the image brightness decreases as well as a reduction in the range of the gray
scales occupied in the image as measured by the breadth (variance or standard
deviation) of the histogram. These provide a measure similar to gloss but are more
exact. Similar to gloss, these provide a bulk measure of change.

It would also be desirable to have a measure of surface 'roughness' based on intensity
variation. One such measure for a digital image is the area of surface relief. G x
may be used as an altitude coordinate, i.e., the height of a column of G cubes, eac
having the dimensions one pixel by one pixel by one standard intensity level. We then
define the gray level area of a digital image as equivalent to the total number of
exposed faces in a landscape composed of gray level columns. Here, we are only
concerned with lateral area, and may ignore the top face of each column. This
quantity can be measured by comparing the intensities of pairs of edge-adjacent
positions, that is, those sharing a side. The number of exposed faces on one side of a
column depends on the difference, D, between the intensity of the current position, G
x;y» and the intensity of the adjacent position, G x+iy+j. We are only interested in
non-negative differences, and stipulate that D = G x y - G x+jy+j if G xy>=G
X+H,y+> and 0, otherwise. The area of relief, AR, is therefore the sum of the area of all
sides of all columns. But AR is also a function of the number of position pairs, P, and
hence image size. To remove size effects, this quantity is normalized by computing
aR,= AR/P. Note that P depends on whether the image is bounded (i.e., has a
perimeter) or unbounded (e.g., an inner subset of a bounded image). In an unbounded
image, every column has 4 sides (P = 4XY), whereas in a rectangular bounded image
the columns on the perimeter have less than 4 sides with adjacent positions, and P = 8
+6[(X-2) + (Y-2)] + 4[(X-2)(Y-2)]. For the sake of simplicity, we refer to unbounded
images in the following discussion.
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For the sake of illustration, let us consider ag for some idealized images. When D = 0
for all position pairs, i.e., the image is monochromatic or 'flat, aR is zero. The
maximum possible relief area, ag = 127.5, occurs in a regular checkerboard pattern
composed of alternating 0 and 255 intensities. For an image generated by randomly
sampling a discrete uniform distribution, U(0, N-1), the average difference, G xy- G
x+H,y+ = Z Xj f(xj). We are only interested in cases where this difference is non-
negative, which occurs about half the time for large N, p(G Xy o= G x+i,y+j) =1+
1/N)/2. The average normalized relief of such an image is therefore E(ap) = Z [x; (N
- X /N2 ], where i has the rangef0, N-1]. Another similar measure will be to examine
the total volume occupied by the gray scale intensities (25-26).

Surface roughness may also be determined using the fractal dimension of the surface.
Other features of the texture may be quantified using second order statistics such as
co-occurrence (25-26).

2. Acid Etch Defects
Test:

Acid etch resistance testing of automotive Original Equipment Manufacturer (OEM)
coatings is done regularly to determine hydrolytic stability at/near the surface. Certain
types of atmospheric pollution (i.e., sulfur oxides, nitrogen oxides) in combination
with water (i.e., dew, rain) can result in formation of acidic solutions/environments
capable of chemical bond hydrolysis. The styrenated-acrylic/melamine clearcoat
network used in this portion of the study has both ester and ether type linkages
susceptible of hydrolysis under these conditions. Acid etch damage results in what
appears to be random patterns of microscopic and macroscopic pitting or etching,
often significantly altering the appearance. This testing provides an important tool for
rating and ranking coatings according to hydrolytic stability.

Flexible clearcoats selected for study were applied to 10” X 10” thermoplastic
olefin(TPO) panels that had been coated with adhesion promoter and black asecoat.
These panels were fixed to horizontal tables and exposed for 14 weeks in at
Jacksonville, Florida. Panels were washed and rated every two weeks with the final
rating after 14 weeks of exposure, Florida. Coating A shown in Table 3 is a
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