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Foreword

The ACS Symposium Series was first published in 1974 to provide a
mechanism for publishing symposia quickly in book form. The purpose
of the series is to publish timely, comprehensive books developed from
ACS sponsored symposia based on current scientific research. Occasion-
ally, books are developed from symposia sponsored by other organiza-
tions when the topic is of keen interest to the chemistry audience.

Before agreeing to publish a book, the proposed table of contents is
reviewed for appropriate and comprehensive coverage and for interest to
the audience. Some papers may be excluded 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 rejection, and manuscripts are
prepared in camera-ready format.

As a rule, only original research papers and original review papers are
included in the volumes. Verbatim reproductions of previously published
papers are not accepted.

ACS Books Department
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Preface

This book contains papers presented at the 2™ International Symposium on
Service Life Prediction in Organic Coatings held in Monterey, California in
November 1999. The papers include contributions from industry, national
laboratories, and universities. This conference took place two and one half
years after the first conference in Breckenridge, Colorado. Oxford University
Press published papers from this conference in Service Life Prediction of
Organic Coatings. The Breckenridge Conference concluded with a discussion
of outstanding issues that had to be resolved in order to implement improved
SLP methodologies in the coatings arena. The papers presented at Monterey
provide a picture of the progress that has been made toward that goal during the
past several years. To paraphrase one of the featured speakers at the conference,
J. Gerlock (Ford), this book reports on the transition of service life prediction in
coatings from an art to a science and finally to an engineering tool. As should
become apparent, the coating community has made significant progress on the
transition from art to science. While progress has also been made in developing
engineering tools that can be routinely used to develop and specify coating
systems, the job is far from complete. To appreciate what remains to be done, it
is necessary to understand in detail what progress has been achieved and how it
can be used.

The first area is in understanding the issues associated with developing
relationships between in-service performance and exposure tests. After
providing an overview of the basic approaches to service life prediction, J.
Martin (NIST) details the various issues associated with interpretation of
outdoor results caused by outdoor exposure variability. W. Meeker (Iowa State
University) discusses other difficulties in relating accelerated tests and in-
service performance. Of particular note is the combined effect of a non-linear
dependence of degradation on exposure condition coupled with random
variations in exposure condition on the variability of acceleration with different
exposure runs. H. K. Hardcastle (Atlas Weathering Services) describes the
effects of angle on exposure harshness, and also presents results on utilizing
Emmaqua accelerated exposure conditions. One key factor in predicting service
life is understanding actual in-service conditions. L. Kaetzel (K-Systems)
presents an update on the growing solar UV monitoring network and describes
how data will be gathered, stored, and accessed. P. Norberg (KTH-Sweden)
describes the development of a novel tool for measuring surface moisture and
time-of-wetness.

ix
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Just as it is important to be able to measure outdoor conditions, it is also
critical to be able to reproduce controlled exposure conditions in the laboratory.
Several novel exposure chambers have been developed and used to follow
coating degradation. T. Nguyen (NIST) presents results from NIST’s solar
exposure chamber. This chamber is capable of exposing small samples to light
at different wavelengths at controlled temperature and humidity. This device
has been used to determine the quantum yield and dependence on humidity of
oxidation and hydrolysis of a typical automotive coating. B. Dickens describes
a convenient data-handling scheme for processing the vast quantity of spectra
that can be obtained from this exposure chamber. G. Jorgensen (NREL) updates
results from his concentrated sunlight exposure chamber where light intensities
of up to 100 suns can be achieved. Measurement of the dependence of
oxidation on light intensity lead both to an understanding of mechanism as well
as to determining the limits of reliable acceleration. Finally, J. Chin (NIST)
describes the latest NIST exposure chamber based on integrating sphere
technology. This technology provides unprecedented control of a high intensity
light exposure.

One of the key advances during the past several years has been the
application of a variety of spectroscopic and other techniques to characterize
coatings and their degradation chemistry. D. Bauer (Ford) and K. Adamsons
(DuPont) review many of the techniques that can be applied to coating
characterization and provide several examples of how the techniques can be
used both to drive coating development as well as to develop improved
specifications for performance. Depth profiling of degradation processes has
proven to be particularly valuable in understanding coating degradation and
stabilization. K. Adamsons presents results on depth-profiling experiments
conducted at DuPont. J. Gerlock (Ford) discusses a number of techniques
developed at Ford and describes their application to characterizing coating
degradation and to determining the fate of photostabilizers (UVAs and HALS)
on exposure. K. Williams (Colorado School of Mines) illustrates the use of
field flow chromatography to characterize raw materials used in coatings.

Although chemical degradation often drives ultimate coating failure, it is
also important to be able to characterize physical and mechanical behavior of
coatings during degradation. Many coating failures are a loss of appearance. F.
Hunt (NIST) describes a new technique for computer rendering of realistic
images of coated surfaces. G. Bierwagon (North Dakota State University)
presents results on the application of electro impedance spectroscopy to
characterize corrosion processes in coatings. L. Floyd (PRA Labs) discusses the
importance of fracture mechanics to service life prediction, and M. Nichols
(Ford) describes a novel method for measuring fracture energy and presents
results on the change of fracture energy with weathering. J. Jean (University of
Missouri at Kansas City) utilizes positron annihilation lifetime spectroscopy to

X
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characterize changes in the microstructure of coatings on weathering. He
correlates these changes with chemical changes. R. Ryntz (Visteon) discusses
methods for understanding the relationships between plastic substrates, paint
adhesion, and paint performance.

Models are critical to interpreting experimental results. J. Pickett (GE)
describes a model for interpreting UVA loss experiments for both coatings and
plastics. The model can extrapolate short-term measurements to predict long-term
UVA lifetimes. A. DeBellis (Ciba) uses atomistic modeling to understand the
relationship between UVA structure and UVA loss rates. S. Saunders discusses
models for hydrolysis and provides an interpretation of degradation behavior
observed in experiments described by T. Nguyen.

As at the Breckenridge Conference, the Monterey Conference ended with a
group discussion of further research needs and procedures to implement the growing
knowledge into practical engineering tools. L. Floyd summarizes this discussion.
Further updated information is also available on the Service Life Prediction website:
http://slp.nist.gov

Finally, we thank the Monterey organizing committee and all the authors
and participants for making the conference an enjoyable success. We also thank
the National Institute of Standards and Technology, the National Renewable
Energy Laboratory, Wright-Patterson Air Force Base, the Federal Highway
Administration, and the Forest Products Laboratory at Madison for their
financial support of the Symposium.

Jonathan W. Martin

National Institute of Standards and Technology
Quince Orchard Boulevard

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

David R. Bauer

Research Laboratory, MD-3182
Ford Motor Company

P.O. Box 2053

Dearborn, MI 48121
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Chapter 1

Repeatability and Reproducibility of Field
Exposure Results

Jonathan W. Martin

National Institute of Standards and Technology, 100 Bureau Drive, Stop 8621,
Gaithersburg, MD 20899-8621

Field exposure results are almost always viewed as the de facto standard of
performance against which laboratory results must match in estimating the service life
performance of polymeric materials. Implicit in this view is that field exposure results
are both repeatable and reproducible. A review of the literature was made in to
identify evidence corroborating or refuting this premise. It was concluded from this
review that substantial evidence exists refuting this premise and, correspondingly,
little or no evidence exists supporting it; that is, the assumption that field exposure
results are repeatable or reproducible does not appear to have any scientific merit.
This lack of support draws into question the use of field exposure results as a de facto
standard of performance. Alternative strategies are noted.

Introduction

Field exposure experiments play a crucial role in assessing the in-service
performance of coatings and other polymeric materials. Results from these
experiments are viewed as the “primary test” [1], the “real time exposure” [2-4], the
“decisive test” [5], and thus the de facto standard of performance against which
iaboratory aging and fundamental mechanistic results are expected to match. Since
field exposure results are viewed as a performance standard, these results should be
expected to be both repeatable and reproducible. No support, however, could be
found in the literature either corroborating or refuting these premises. The objective
of this paper, therefore, was to review the published literature for such evidence.

Three sources of information were examined. They included the following:

1. testimonials from weathering researchers,

2. results from well-designed and executed field exposure experiments, and
3. trends and cycles in weather element data.

2 © 2002 American Chemical Society
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Representative citations from each source are presented; a more in-depth presentation
and a more comprehensive list of citations are given in Martin [6].

Testimonials

Over the years, many weathering researchers have published testimonials on
the reproducibility and repeatability of field exposure experiments. Unfortunately,
few of these researchers provided any quantitative data to support their statements.
The testimonials generally deal with the effect of different variables on weathering
results. These variables include 1) the year of exposure, 2) the time of year that the
exposure commenced, 3) the duration of the exposure, 4) the angle of the exposure,
and 5) the location of the exposure site. The consensus of opinion is that field
exposure results are neither repeatable nor reproducible when specimens are exposed

1. at the same site, at the same angle of exposure, at the same time of
the year, and for the same duration, but exposures begin on
different years [7-11];

2. at the same site, at the same angle of exposure, during the same
year, for the same duration, but exposures begin at different times
of the same year [1-2, 8-9,12, 15-18];

3. at the same site, at the same angle of exposure, at the same time of
the year, in the same year, but exposures are for different
durations [19-22];

4. at the same site, at the same time of the year, in the same year, for
the same duration, but exposures are made at different exposure
angles [7, 14, 23-25];

S. at the same angle of exposure, at the same time of the year, in the
same year, for the same duration, but exposures are at different
exposure sites [1, 7,9, 11-12, 18-23, 26-28].

The only citation found that contradicted the claim that field results are neither
repeatable nor reproducible was by Dawson and Nutting [29].

Results from Well-Designed and Executed Field Exposure Experiments

From 1900 through 1970, a number of planned field exposure experiments
were conducted and the results published in the open literature. In a few cases, the
experiments included several thousands of specimens exposed over a number of years.
By the end of the 1970’s, however, the philosophy of field exposure experimental
designs changed rather dramatically. Instead of designed experiments yielding vast
amounts of quantitative data, field experiments were designed to make a simple
comparison between two or more exposures. The degree of agreement between or
among these exposures was assessed through a correlation coefficient, usually the
Spearman rank correlation coefficient. ~Although these experiments are much easier
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to design and execute, almost all quantitative data, like “how much is coating A better
than coating B”, have been lost [6]. Since the purpose of this section is to
quantitatively assess the repeatability and reproducibility of field exposure results,
only results from well-designed experiments published prior to 1980 are described.
They include the following:

a.

Oakley [8] exposed nominally identical coated panels at the Carlton
Exposure Station in County Durham, England over a three-year period
starting in 1957. The experiments were terminated after 36 weeks at which
time the gloss loss of each panel was assessed. He concluded that panels
exposed in 1959 exhibited about 15% greater gloss loss than did panels
exposed in 1958 which, in turn, exhibited about 15% greater gloss loss than
panels exposed in 1957.

Mitton and Church [10] exposed nominally identical coatings in Miami, FL
at different times from 1948 to 1953. They reported that the results were
highly variable and that the majority of this variability was attributable to
variations in the weather.

Ramsbottom [13] exposed fabrics, used in the construction of dirigibles, in
Farnborough, England starting on July 1, 1922 and the beginning of each
month thereafter until July 1, 1923. The fabrics were exposed for one month;
at the end of which, the fabrics were removed from exposure and failed in
tension. Tensile strength loss of the fabrics ranged from 0% for fabrics
exposed during November 1922 to 45% for fabrics exposed during July
1923. Ramsbottom concluded that summer exposures were more severe
than winter exposures.

Came [30] exposed two nominally identical sets of 50 spar varnishes at the
National Bureau of Standards in Washington D.C. on two different start
dates: January 10, 1929 and April 1, 1929. Exposures continued until
almost all of the varnishes had failed. Came recorded the time to failure for
each varnish and observed that specimens placed on exposure in January
failed about twice as fast as did specimens that were exposed starting in
April, 1929.

Wirshing [15] initiated exposures of nominally identical sets of nitrocellulose
coated panels on successive months during the same year and removed the
panels from exposure whenever a fixed amount of degradation was observed.
He observed that panels exposed at the beginning of April, May and June

- failed in 13 weeks, whereas panels exposed at the beginning of November

took 21 weeks to fail. Thus, panels having spring or summer exposure start
dates degraded much faster than panels having a winter start date. This
observation is in direct opposition to that made by Came [30].

Clark [1] exposed a series of vinyl films in Miami, FL and Bound Brook, NJ
at the beginning of the spring, summer, fall and winter seasons. Exposures
were continued for two years. Clark concluded that films having exposure
start dates from May to August (summer) degraded about three times faster
than did films having start dates from November to March (winter and
spring). That is, summer start dates were more severe than winter start
dates.
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Melchore [16] initiated exposures of polyethylene films in Arizona at the
beginning of each month for a year. The experiments were terminated
whenever the total solar irradiance absorbed by a specimen reached 15000
Langleys at which time the percent carbonyl formation in the film was
determined. Melchore observed that, even though all of the films absorbed
the same number of Langleys, films placed on exposure in June and July
degraded 7 times faster than those exposed in December and January. He
concluded, “the Langley is a poor unit to measure ultraviolet radiation” and
that films having a summer start date degraded much faster than films having
a winter start date.

The Joint Services Research and Development Committee on Paints and
Varnishes [17] exposed a variety of coatings in six different locations
throughout England for approximately two years starting in the fall of 1959
and the spring of 1960. They observed that the degradation rate for the
spring exposure was much greater than the rate for fall exposure.

Marshall et al. [23] exposed several thousands of coated panels in Miami,
FL, Wilmington, DE, and Canyon, TX at 45° S and 90° S (i.e., vertical
South) for 36 months in the early 1930s. The dominant failure mode was
flaking. For all three-exposure sites, the rate of flaking was more severe for
panels exposed at 45° S than it was for panels exposed at 90° S.

Evans [25] exposed pinewood panels (Pinus radiata) at 0° (horizontal), 45°,
60°, 70°, and 90° (vertical) for 50 days in Canberra, Australia (latitude 35°
South) from February 18, 1987 to April 9, 1987 and monitored mass loss and
chemical changes. Panels positioned horizontal to the sun experienced the
greatest mass loss and the greatest chemical change.

Qayyum and Davis [24] exposed polysulphone films at 0° (horizontal), 20°,
45°, 60°, and 90° (vertical) South in Jeddah, Saudi Arabia (latitude 20°
North) for a 12-month period starting in September 1981. Degradation was
monitored by mass loss. They observed that mass loss was negatively
correlated with total solar UV-irradiation; that is, the greater the total solar
UV-irradiance, the lower the mass loss. Maximum mass loss was observed
on films exposed vertically, 90° S, while minimum mass loss was observed
for films exposed horizontally, 0°. This conclusion is in opposition to those
made by both Marshall et al. [23] and Evans [25].

Marshall et al. [23] exposed several thousand coated panels in Miami, FL,
Wilmington, DE, and Canyon, TX in the early 1930s. The exposures were
terminated after 36 months, at which time, the amount of flaking was
ascertained. They observed that the degradation response varied greatly
among the three sites and concluded that knowledge of the time-to-flaking at
one or even two of the exposure sites would not provide any useful
information regarding the time-to-flaking at the third site.

Neville [26] exposed acrylic and alkyd coated panels in Carlton, County
Durham, England and Miami, FL. Changes in gloss were reported as a
function of total solar irradiance. Neville concluded that total solar
irradiance was not a good metric for predicting gloss loss, since for the same
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total solar irradiance, gloss loss in Florida was much greater than it was in
Carlton.

n. The Joint Services Research and Development Committee on Paints and
Varnishes [17] exposed a number of coatings at six different locations
throughout England for approximately two years. They observed that both
the rate of weathering and the dominant failure mode changed from site-to-
site.

0. Cutrone and Moulton [28] exposed nominally identical sets of coated
specimens at 11 different field sites throughout the world during the same
year. The computed Spearman rank correlation coefficients [31] ranged
from 0 to 0.8. The authors concluded, “the results indicate another less-than-
perfect correlation.”

The results from planned field experiments quantitatively affirm the
testimonials; that is, field exposure experiments are neither repeatable nor
reproducible. For example, for exposures begun on contiguous years, results can vary
by as much as a factor of 10. No planned experiment was found in the literature
supporting the premise that field exposure results are either reproducible or
repeatable.

Trends and Cycles in Weather Element Data

The weather and, thus, the elements of the weather influence weathering
results. In weathering research, the weather elements of primary research interest are
solar ultraviolet (UV) radiation, air surface temperature, relative humidity,
precipitation and aerosols. In this section, the temporal and spatial stabilities of these
weather elements are reviewed for trends and cyclic behavior.

Over the last hundred years, meteorologists have performed numerous and
extensive statistical analyses aimed at determining the temporal and spatial stability of
a wide variety of weather elements. Temporal stability is ascertained by determining if
trends and cycles exist in the time series for each weather element. Spatial stability is
assessed by aggregating the time series output from various subset of the
meteorological network at different geographical scales and determining if the trends
and cycles translate from one spatial to another.

A trend is present in a weather element time series if the moving average for
the time series (usually the five or ten year moving average) is increasing, decreasing,
or is level over some period of time (Figure 1). Cyclic behavior is discovered through
the application of spectral analysis techniques, like Fourier analysis, to a time series.
The presence of a cycle implies that the intensity of a weather element repeats over
some time period (Figure 2). In the meteorological literature, a cycle is considered to
be statistically significant whenever the spectral peak for this cycle explains at least
5% of the total variation in a weather element’s behavior. For practical reasons,
weathering cycles between 2 and 5 years are of particular interest in materials
research, since this is the length of time that specimens are commonly exposed in the
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field. Thus, the trend and cycle characteristics of a weather element that would tend
to support repeatable and reproducible weathering results are those in which the trend
line for a weather element displays a zero-slope and spectral analysis of the time series
data indicates several statistically significant cycles between two and five years.
Conversely, trend and cycle characteristics for a weather element, that would not tend
to support repeatable and reproducible weathering results, include those in which the
trend line for this weather element is either an increasing or decreasing and spectral
analysis of the time series data indicates no statistically significant cycles between two
and five years.

Spectral Ultraviolet Radiation

Radiation from the Sun provides essentially all of the energy driving the
Earth’s weather. Fortunately, solar radiation reaching the Earth’s surface is greatly
attentuated by the Earth’s atmosphere. This is particularly true in the ultraviolet (UV)
region, the radiation that is most photolytically effective in degrading materials. The
Earth’s stratospheric ozone layer, for example, effectively absorbs all solar ultraviolet
radiation below about 290nm. Solar ultraviolet radiation transmitted through the
Earth’s atmosphere between 290 and 400 nm is known to be photolytically active in
degrading polymeric materials. The photolytic effectiveness, however, varies greatly
with wavelength. Wavelengths closer to 290 nm may be three to seven orders of
magnitude more photolytically effective than are wavelengths near 400 nm.
Photolytic effectiveness of radiation is not limited to the ultraviolet region. For some
materials, like paper, wavelengths as high as 550 nm are known to cause
photodegradation [32]. Thus, a full characterization of the solar spectral radiation
between 290 nm and, let’s say, 550 nm may be required to fully characterize the
photodegradation effects of solar radiation.

Meterological stations for monitoring solar spectral ultraviolet radiation are a
recent phenomena [33,34]. Weatherhead and Webb, for example, reported that the
global solar spectral UV monitoring network consisted of five stations in 1992 and
250 stations in 1998. In the US, funding for most of these stations has been provided
by the Departments of Energy, Agriculture, Commerce, Environmental Protection
Agency, and the National Science Foundation under the auspices of the US Global
Climate Change Research Program [35]. With two exceptions, the time series from
this network are shorter than the 11 year solar cycle. The two exceptions are a
worldwide network of Robertson-Berger (R-B) meters [36] and a filter wheel
radiometer station located in Rockville, MD and operated by the Smithsonian
Environmental Research Center (SERC) [37].

The Robertson-Berger meter is a broadband radiometer equipped with a filter
that selectively transmits radiation approximating the erythemal absorption spectrum.
The radiation transmitted through the filter is reported in terms of sunburn units. For
2 six-year periods starting in 1974 and again in 1980, the medical community
instrumented 27 cities throughout the world with these instruments and correlated
their output against the incidence of melanoma and non-melanoma cancers [36]. The
usefulness of this meter for materials research, however, is limited since the exposure
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metric is tailored to the erythemal spectrum which is not useful absorption or quantum
yield spectrum for commercial polymeric materials.

The SERC radiometer contains a filter wheel with 18 2nm-nominal band
pass interference filters on its periphery and is equipped with a R-1657 solar blind
photomultipler tube detector. The photomultipler tube is temperature regulated via a
thermoelectric system. The filter wheel turns at 15 revolutions per minute and
contains18 2nm full width half-maximum interference filters with nominal center
wavelengths from 290nm through 324nm. Data from each interference filter is
averaged over a 12 minute interval and this averaged value is stored in a computer as
a observation in the time series for this filter. The unit operates 24 hours a day and is
calibrated three or four times per year using NIST traceable calibration protocols.
One unit has been in continuous operation in Rockville, MD or its vicinity since 1975;
and, since 1998, similar units have been in operation in Miami, FL and Phoenix, AZ.
Correll et al. [37] plotted erythema dosage (a unit of measure similar to sunburn units)
for this unit from 1975 through 1990. For the Rockville, MD site (see Figure 3),
erythemal dosage decreased 14% from 1975 through 1981; increased 40% from 1981
through 1987; and decreased 9% from 1987 through 1990. According to the authors
these changes are consistent with TOMS satellite data and with changes in the total
ozone column thickness recorded during these periods. The spectral UV trends
observed by SERC are also consistent with short-term trends observed by other
researchers; see, for example, McKenzie [38] and Kerr and McElroy [39]. To date,
no spectral analysis research has been found for any solar spectral UV data.

Air-Surface Temperature

Time series for air-surface temperature are the longest and have the highest
meteorological network station density for any weather element. The air-surface
temperature time series for the British Isles, for example, dates back to 1659 [40].
Due to the length of the time series and the dense spatial distribution of monitoring
stations, air-surface temperature time series are very attractive candidates for both
trend and spectral analyses.

Representative air-surface temperature trends are presented in Table 2.1 over
several geographical scales. For presentation purposes, these time series have been
segmented into four independent time intervals: a) 1860 to 1900, b) 1900 to 1940, c)
1940 to 1975, and d) 1975 to the present. The trend in the air surface temperature for
each time segment is indicated by one of the following arrows: 1) T for increasing
temperature trend, 2) ¥ for a decreasing temperature trend, and 3) — for a zero-
sloped trend.

From Table 2.1, less than 25% of time segments are best described as having
a zero-sloped trend. The trends for the remaining time segments are either increasing
or decreasing. Most of the zero-sloped trends occurred during the time period from
1860 to 1900. From “1900 to 1940 and from “1975 to the present”, the air surface
temperature trendss for almost all geographical scales were increasing; while, from
1940 to 1975, the trends for almost almost all geographical scales were decreasing.
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Weather cycles: real or imaginary?
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Figure 2. Typical spectral analysis output for a weather element. Spectral peaks 2.1
y, 5.1y, and 20 y are statically significant at the 95% level (Fig. 2.taken from Spar
and Mayer [67]).
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Figure 3. Smithsonian Environmental Research Center’s Rockville, MD time series of
annual mean daily total dosage of integrated 295-320 nm global irradiance [37]
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Spectral analysis results for air surface temperature are tabulated in Table
2.2. Only time series of length longer than 50 years and statistically significant cycles
having a cycle time longer than one year are included. From Table 2.2, few
statistically significant cycles have been identified and even fewer cycles translate
from one geographical scale to another.

In conclusion, neither trend analysis nor spectral analysis for air surface
temperature time series provide support for the repeatability and reproducibility of
weathering results regardless of the time scale or the geographical location.

Precipitation

Moisture degrades polymeric materials through hydrolysis and acts together
with other weather elements in degrading materials. In the hydrosphere, moisture is
stored in five reservoirs: 1) the oceans, 2) the ice masses and snow deposits, 3)
terrestrial waters, 4) the atmosphere, and 5) the biosphere. Although each reservoir
could degrade polymeric materials, discussion will be limited to atmospheric
moisture, specifically, precipitation and relative humidity.

Precipitation and air-surface temperature time series data are almost always
collected concurrently; thus, it is not surprising that, like air-surface temperature, the
time series for precipitation are of great length and the density of the monitoring sites
are closely packed. The longest instrumented time series for precipitation dates back
to 1727 and it covers most of England and Wales. A longer precipitation time series
starting in 1470 AD is available for China, but this time series is largely descriptive
and is considered by some researchers to be unsuitable for predictive purposes [76].

From extensive spectral and trend analyses on numerous precipitation time
series, meteorologists have concluded that both temporal and spatial variabilities for
the precipitation time series are significantly greater than they are air surface
temperature. Bradley [45] performed trend analyses for precipitation data from 1850
to 1973 for the Northern Hemisphere using data collected from 1410 stations. He
concluded that the precipitation trends were 1) decreasing from 1870 to 1920, 2)
increasing from 1920 to 1950, and 3) decreasing from 1950 to 1973. Hense [46]
reported precipitation data for the Earth’s Equatorial Regions from 1965 to 1984 and
concluded that precipitation increased an average of 0.005 mm/y in the Indo Pacific
Equatorial Regions and increased an average of 0.05 mm/y in the Americas and
African Equatorial Regions. Groisman [47] performed trend analysis on precipitation
for the former USSR from 1890 to 1990 and observed annual increases of 6% per year
for all regions except one.

Spectral analysis results for precipitation are tabulated in Table 2.3. Spectral
peaks around 3.9 years and around 10 years appear in several time series, but these
cycles do not transalate from one geographical scale to another.

Relative Humidity

Atmospheric moisture may be a greater contributor to weathering than
precipitation. Most atmospheric relative humidity data are obtained from radiosondes
or rawinsondes, that is, vertical ascending instrumented balloons used in monitoring
atmospheric climatic variables. Currently, radiosondes are launched twice daily from
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over 1000 airports throughout the world [48,49]. The radiosonde network dates has a
short duration, dating back to post World War II [50,51]. The shortest of these
records make it almost impossible to assess the significance of any cycles in this data.

The quality and homogeneity of relative humidity times series have also been
questioned. Atmospheric moisture measurements have been plagued by a numerous
measurement problems like instrument inhomogeneities and non-standard reporting
and analysis. For example, radiosonde instrument packages still differ from country
to country and from manufacturer to manufacturer [50]. These differences make it
difficult to compare site data, that is, the data are not homogeneous. Atmospheric
moisture is also a difficult gas to measure since it does not mix well in the troposphere
and it has a short atmospheric residence time (approximately 10 days) [52]. Thus, the
amount of moisture in the air changes dramatically over the diurnal cycle [53].
Finally, atmospheric moisture measurements are reported in non-standard formats.
For example, measurements are commonly reported as relative humidity, specific
humidity, saturation deficit (the difference between the specific humidity at saturation
and the measured specific humidity), and vertically integrated amount of water vapor.
Non-standard formats make it difficult for the lay person to compare data from
different monitoring stations.

Trend analysis results for atmospheric moisture are tabulated in Table 2.4.
All trends for all regions are monotonically increasing for the entire measurement
history for this weather element. No spectral analyses of atmospheric moisture has
been found; this is probably due to the shortness of the time series for atmospheric
moisture.

In conclusion, trend analysis and spectral analysis results for precipitation
and atmospheric moisture exhibit high temporal and spatial variability, non-zero
trends and few statistically significant cycles between 2 and 5 years. Thus, this
moisture data provide little support for the premise that field exposure results are
repeatable and reproducible.

Aerosols

Aerosols are suspensions of liquids or solids in a gas. Aerosols include a
wide-range of particles like dust, smoke, haze, SO, and NO, having diameters in the
range of 1 nm to 100 um. Anthropogenic aerosols, especially SO, and NOy, have
been implicated in the acid etching of organic coatings [54-57] and in the crazing of
poly (methyl methacrylate) [58]. The contribution of aerosols to polymeric
degradation, however, is the least understood of all of the weather elements.

Table 2.5 contains a selection of trends for SO,, NO,, fogs, and smoke at
different geographical scales. Spectral analyses for aerosols were not located in the
literature. From Table 2.5, trends for SO, generally increased throughout the world
until the mid-1960, with the exception of London, England. In the mid-1960’s, Clean
Air regulations were enacted in the United States and other industrial nations leading
to a decreasing trend. For non-industrial regions of the world, the trends for both SO
and NO, are increasing over the entire measurement history.
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Summary

Field exposure results play a very important role in assessing the service life
performance of polymeric materials. In particular, field exposure results are
commonly viewed as the de facto standard of performance against which laboratory-
aging experimental results must duplicate. As a standard of performance, field
exposure results should be repeatable and reproducible The literature was reviewed to
find support either corroborating or refuting this repeatability and reproducibility
premise.

Three sources of information were reviewed including testimonials from
weathering researchers, results from well-designed and executed field exposure
experiments, and trends and cycles in weather element data. Data from all three
sources provided stronge and consistent evidence refuting this premise and,
correspondingly, provided little or no evidence corroborating the premise that field
exposure results are either repeatable or reproducible.

All testimonials, except one, stated that field exposure results are neither
repeatable nor reproducible for specimens exposed on different years, different times
of the same year, for different exposure durations, for different exposure angles, or at
different locations. Well-designed and executed field exposure experiments provided
quantitative support for these claims indicating that exposure results could differ by
as much as a factor of 10 for nominally identical specimens exposed on contiguous
years at the same exposure site. The lack of reproducibility and repeatability of
weathering results coincided with the lack of reproducibility and repeatability of all
weather elements investigated. This later conclusion is consistent with conclusions
from several recent studies [76-79]. Pittlock [80], for example, concluded that “most
of the climatically important atmospheric and weather variables, be they temperatures,
precipitation, or (say) ozone content, show day to day, seasonal, and year to year
variations which are usually comparable with or larger than the variations in longer-
term mean values”.

Assuming that these conclusion are reaffirmed by other researchers, then the
scientific validity of using field exposure results as the de facto standard of
performance against which laboratory-aging results must duplicate must be
questioned. It follows that service life prediction methodologies [81] that do not
depend on field exposure results as a standard of performance should be more
thoroughly investigated.
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Chapter 2

Surface Moisture and Time of Wetness Measurements
Peter Norberg'

Centre for Built Environment, Royal Institute of Technology, S. Sjo'fullsgatan 3,
SE-80176, Giivie, Sweden
'Current address: Centre for Built Environment, University of Giivle, Giivle, Sweden

Surface moisture plays an important role in the deterioration of
building surfaces. The extent and duration of surface moisture is
generally impossible to predict from meteorological data. The limi-
tations of the ISO 9223 standard for estimating the time of wetness
(TOW; RH>80%, T>0°C) is evident in climates with sub-zero tem-
peratures, in environments with significant deposition of pollutants
and salt, and in situations where the exchange of radiation between
building surfaces and the surrounding environment creates large
temperature differences. Consequently, direct measurement of TOW
is essential, e.g. using the WETCORR method. This method is suit-
able for measurements of surface moisture and TOW on building
materials in general. The actual sensor consists of an inert electro-
lytic cell with Au/Au-electrodes combined with a Pt-1000 surface
temperature-sensing element

Background

The interest in surface moisture and time of wetness (TOW) has its origin in the
field of atmospheric corrosion. Early on, Vernon (1) had shown that the corrosion rate
of steel increased dramatically when a critical relative humidity (RH) of between 80
and 90% was exceeded. Understanding of the various mechanisms that, even under
non-condensing conditions, can result in the build-up of significant amounts of mois-
ture on metallic surfaces, and thereby cause corrosion, was essential for the continued
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research in this area. In addition, the electrochemical nature of the typical moist or wet
atmospheric corrosion became more and more obvious (2). This also led to the adop-
tion of electrochemical methods for studying the instantaneous rate of atmospheric
corrosion with the prospects of replacing the traditional and time-consuming weight
loss measurements done by long-term exposures of test coupons.

Mansfeld (3,4) has reviewed the early experience of electrochemical measure-
ments of atmospheric corrosion and its relation to the concept of TOW. In this context
TOW is commonly considered as the time for which the atmospheric conditions are
such that electrochemical reactions of some magnitude can occur on the surface of the
sensor. There is a general opinion among atmospheric corrosion scientists that surface
moisture and TOW play a very important role in the corrosion of metals and alloys
exposed to the atmosphere. Consequently, the idea of a critical RH determining TOW
is very much reflected in the current standard ISO 9223 (5) defining TOW as the time
for which RH is greater than 80% while the air temperature is above 0°C. As has been
shown by many investigators this meteorological approach has its limitations, partly
because the electrochemical reactions are in operation far below 0°C (6,7,8). It is also
well known that the presence of hygroscopic salts on the surface (2,4) can considera-
bly lower the humidity where wetting occurs. In addition, the difference between air
and surface temperatures, as governed by the radiation conditions, is a very important
factor to consider in relation to TOW (6,9,10).

In the very first attempt to study atmospheric corrosion by electrochemical meth-
ods, Tomashov and co-workers (2,11) used galvanic cells with alternate electrodes of
different metals, e.g. Fe/Cu, Fe/Zn, Fe/Al and Cuw/Al. When a film of moisture ap-
peared on the surface of the electrode lamellae, a potential difference was produced
between the terminals and the resulting external current was measured with a sensitive
galvanometer. Sereda (12,13) used galvanic cells of the types Pt/Fe and Pt/Zn but
measured the variation in voltage across an external resistor through which the gal-
vanic current was flowing. TOW in these cases was defined as the time during which
the galvanic current or voltage exceeded an arbitrary thres-hold value. Sereda et al (6)
also made way for the ASTM standard (14) covering that particular method for the
electrode combinations Au/Cu, Auw/Zn and Pt/Ag. More recently, Hechler et al (7)
have studied exposures of large sets of sensors following the ASTM procedure.

Kucera and Mattsson (15) and Mansfeld and co-workers (3,4,16,17) adopted the
original concept of Tomashov using Cu/steel or Cu/Zn couples and studied the gal-
vanic current, trying to relate this to the rate of atmospheric corrosion. Kucera and co-
workers (15,18) and Mansfeld and co-workers (3,4,16,17,19) also used electrolytic
cells of only one metal, e.g. Cu/Cu, steel/steel and Zn/Zn, to which an external con-
stant voltage was applied. Kucera used voltages in the range 100-400 mV and the re-
sulting current was only a vague measure of the corrosion rate, while Mansfeld limited
the potential difference to +30 mV in order to enable measurement of the corrosion
current on the basis of the polarisation resistance technique.

The development of the electrolytic method originally proposed by Kucera and
Mattsson (15) has continued in Scandinavia during the past 20-25 years, to a large
extent within the frames of joint Nordic research programmes involving the Swedish
Corrosion Institute (SCI) and the Norwegian Institute for Air Research (NILU), e.g.
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Haagenrud et al (20). Further efforts made by NILU led to the so-called NILU WET-
CORR (WETness and COrrosion Rate Recorder) method, involving an automatic six-
channel current integrator and the use of miniature Cu/Cu cells, Haagenrud et al (21).
A theoretical study of the electrochemical characteristics of the NILU/SCI sensor was
done by Haagenrud et al (22) who showed, among other things, how the recorded cur-
rent was depending on the thickness of the deposited moisture film.

More recent collaboration between NILU and the National Swedish Institute for
Building Research (SIB) aimed at extending the NILU WETCORR concept to mea-
surements of surface moisture and TOW on building materials and structures in gen-
eral, Haagenrud et al (23) and Svennerstedt (24,25). The surface moisture studies by
Lindberg (26) on paint and Yamasaki (27) on plastics should also be mentioned in this
context as examples of TOW studies made on non-metallic materials. This generalisa-
tion of the view on TOW should have implications not only for the definition of the
TOW concept as such but also for the measurement technique and the sensors used.

In the following a brief overview will be given of the experience gained in rela-
tion to the development and use of the WETCORR method, as seen from a Scandina-
vian perspective.

The WETCORR system

The WETCORR measurement technique, the way it is done today, was first in-
troduced by Haagenrud et al (21) in 1984. Since that time several versions of instru-
ment and sensor have been in use in Scandinavia. In the following sections the present
version of the WETCORR system will be outlined with some reference to older de-
vices.

Instrumentation

The most recent version of the WETCORR system, which has been in use since
late 1994, is very similar to the one used previously, a description of which was given
by Norberg (28). An overview of the present system is shown in Figure 1. The WET-
CORR system can measure surface moisture and surface temperature from up to 64
sensors simultaneously. The actual measurements are conducted by up to 16 sensor
adapters, each connecting a maximum of 4 sensors. The system controller communi-
cates with the sensor adapters via an RS485-network and also provides the necessary
power. The basic principle of the measuring technique involves excitation of the sen-
sor with a DC voltage of normally 100 mV. To avoid net polarisation of the electrodes
in the long perspective the polarity is reversed every 30 seconds. The absolute value
of the resulting current is averaged over one voltage cycle, i.e. one minute. The main
difference between the previous version of WETCORR and the present is that the
temperature channels now require Pt-1000-elements instead of ADS592AN-
transducers. This improvement makes it possible to more accurately measure tem-
perature in general and surface temperature in particular.
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Figure 1. The WETCORR system

Sensor design

The present type of sensor is the third generation of the Au/Au-type of cell de-
veloped for the WETCORR system. The active grid measures 16 by 18 mm and the
overall size is 22 by 30 by 0.7 mm, see Figure 2. The earlier generations of cell have
been evaluated in (28,29). The main improvements include a better design of the
electrode pattern, which should minimise interference between the measurements of
moisture and temperature. In addition, for surface temperature measurements a very
small Pt-1000-element was chosen, showing much better temperature adaptability
and tolerance than the previous version. Preliminary experience in severe marine at-
mospheres has also indicated that this sensor is better suited to cope with salt films on
the surface. This sensor is the latest in use and is produced by the Kongsberg Group
in Kjeller, Norway.

Sensor characteristics

Haagenrud et al (21) studied the influence of alternating DC voltage on Cu/Cu-
cells and found that a 5-6-fold increase in integrated current resulted compared with
excitation using constant DC voltage. The influence of polarity reversal on the cur-
rent response at different RH-levels was demonstrated in detail in (29), and the prin-
cipal response of the current on reversal of the voltage is shown in Figure 3. The ca-
pacitance character of the electrochemical double layer governs the transient response
of the current, especially at high moisture loads.
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Figure 3. The response of the WETCORR current on polarity reversal at different

relative humidities.
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The principal shape of these curves and their relative appearance reveal that the

TOW sensor, as a first approximation, may be described by an RC-circuit containing
two resistors and one capacitor (30), see Figure 4.

Iw R.
——{ ]
Uo

il o] o

Figure 4. Equivalent electric circuit model for the WETCORR sensor.

R, is the resistance of the electrolyte between the electrode fingers, R, the resis-
tance associated with the transfer of charges between the electrolyte and the electrode
surface and C the capacitance of the electrochemical double layer in the vicinity of the
electrode surface. The time dependence of the WETCORR current I,, after applying a
step voltage Uy may be written as follows, using the notation in Figure 4.

Re+Rtt

The validity of this equation was tried out in (31) and it was confirmed that a sat-
isfactory agreement with the measured curves was obtained and that the simple elec-
tronic circuit could explain the main features of the curves.

From this it may be concluded that the current measured with the WETCORR
method not only reflects the resistance of the electrolyte, R, , but also the impedance
associated with the processes occurring at the electrode surfaces following the polari-
sation. However, a generalised view on the concept of TOW should be related to R,
rather than to the polarisation-induced impedance. This will be further discussed un-
der the heading "Time of wetness”.

Experience from measurements

There is quite a number of studies published that has involved WETCORR meas-
urements. One reason for conducting such measurements is that the ISO 9223 stan-
dard (5) is insufficient in describing the actual TOW as experienced by an arbitrary
building surface. The discrepancies between the two estimates depend on various
factors of which the most important will be exemplified in the following.
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Effects of deposition

The deposition of pollutants of various types greatly affects the response of sur-
face moisture sensors, as have been noted in (32-36). It is also quite obvious that ex-
posure positions sheltered from rain are more severely affected by degradation than
open ones, particularly after longer exposures when sufficient amounts of aggressive
species have accumulated. In order to illustrate the effects of salt deposition on TOW
for sheltered exposures, some feature results extracted from Norberg et al (36) will be
discussed below.

The results were recorded in January 1996 at the Water Board site at Flinders,
Victoria, Australia. This site is situated a few kilometres from the sea (Bass Strait) and
the average chloride deposition rate is of the order of 30 mg/m’day (37). Duplicate
WETCORR sensors of the most recent design, as depicted in Figure 2, were em-
ployed. The hourly average of the current for the whole month was plotted against the
surface RH (RHy,,). This variable was derived from the assumption that the vapour
concentration close to the surface is the same as that found in the bulk air, i.e.,
RH v (T, ) =RH,; -v, (T, ), where v, is the saturation vapour concentration

depending mainly on the temperature T.

The data obtained under the shelter resulted in a swarm of points that were sur-
prisingly well kept together, giving the impression that under these conditions the
WETCORR sensor acted very much like a relative humidity sensor, see Figure 5.
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Figure 5. WETCORR current vs surface RH for sheltered exposure at a marine site
during one month.
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There seems to exist a limit around 30% RH below which the conductivity of the
film becomes very low. This limit, and particularly the shape of the curve in Figure 5,
can be understood from the hygroscopic properties of seawater relative to its compo-
sition and moisture content (31). Below approximately 33% the hydrate of one of the
principal constituents of sea water besides NaCl, namely MgCl,, will completely dry
out and no longer conduct electric current. Since, in this case, rain and dew have little,
if any, effect on the result, the current is directly related to the actual moisture content
of the salt film, as determined by the surface RH.

The corresponding results obtained in the open (31) were quite scattered because
the current not only derived from the conductivity of the salt film, as determined by its
hygroscopicity, but also from episodes of dew and rain. The rain tended to wash off
most of the salt at times and as a result the sensors temporarily resumed to the origi-
nal, lower sensitivity.

Effects of temperature differences and radiation conditions

It is clear that surface temperature relative to ambient is a very important pa-
rameter in determining TOW. To illustrate this, further examples of the data from the
Water Board site will be given in the following.

Figure 6 shows the current as a function of the temperature difference between
the air and the surface for duplicate sensors kept under the specially designed glass
shelter. As is obvious, the current was always at its maximum as soon as the surface
temperature dropped to below that of the ambient air, even though the difference was
not greater than 1°C. It should be noted that the WETCORR data appearing in Figures
5 and 6 are the same.

In the open, undercooling was more pronounced and frequent (31). However,
since rain and dew sometimes washed the sensors in the open the sensitivity of the
sensors to variations in RH was less. Consequently, the WETCORR current was com-
paratively low even when the surface temperature was below the ambient.

Time of wetness

When evaluating the current-time data obtained with the WETCORR equipment,
a current criterion is normally chosen in order to estimate TOW. Typically, TOW is
based on the time for which the average current across the sensor grid exceeds, say, 10
or 30 nA. The obtained TOW should ideally reflect the time when significant corro-
sion or degradation in general, takes place on a material surface being exposed to the
same environment as the WETCORR sensor. From experience it may be stated that
TOW is not as much a function of the amount of moisture deposited as it is of the
conductivity of the moisture film. Recently, Elvedal et al (38) defined a critical cur-
rent of 10 nA that should correspond to a substantial water film (~3um) on the sensor
surface. This evaluation was made in a fairly mild environment corresponding to cor-
rosivity category C1 according to ISO 9223 (5). Should the same criterion be applied

In Service Life Prediction; Martin, J., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 2001.



Downloaded by NORTH CAROLINA STATE UNIV on September 17, 2012 | http://pubs.acs.org
Publication Date: November 21, 2001 | doi: 10.1021/bk-2002-0805.ch002

31

100
10
<
c
-
c
E
3 '
1
0.1 } 1 + t } } —t f
-2 0 2 4 6 8 10 12 14 16

Temperature difference, C

Figure 6. WETCORR current vs temperature difference between ambient air and
surface for sheltered exposure at a marine site during one month.

to measurements in coastal or industrial areas, the deposition of salt and pollutants
would considerably increase the conductivity and, as a consequence, the same current
would be obtained for a much lower amount of surface moisture. In other words, the
relation between the current and the thickness of the moisture film cannot be stated
without taking the electrolytic conductivity into consideration. Presumably, there is
also a better correlation between corrosivity and conductivity than between corrosivity
and moisture-film thickness, particularly for natural environments.

So far, all estimates of TOW, whether made with galvanic or electrolytic cells,
have been based on arbitrary criteria. This dilemma has since long been recognised by
Mansfeld et al (17) and is also explicitly expressed in the ISO 9223 standard (5). In
order to get around this problem a more generalised TOW concept can be introduced.
This requires the use of inert electrolytic cells and a modified measuring technique.

New definition of TOW

The basic idea is to consider the measurement of surface moisture and TOW sim-
ply as a measurement of electrolytic conductivity. This is not a major deviation from
the present situation but rather an adaptation to what is actually the case. For the sake
of conformity this modification may be called TOC, time of conduction, or in the
transferred sense for the case of atmospheric corrosion of metals, time of corrosion.
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As shown in a preceding section on ”Sensor characteristics”, the response of the
WETCORR sensor to the applied voltage can give information about the electrolytic
conductivity and the nature of the electrode/electrolyte interface. The use of an inert
sensor, such as the Auw/Au sensor in the present study, implies that the electrodes in-
volved will not significantly be influenced by corrosion. In addition, by eliminating
the impedance effects of the polarised interface, the measurement of the cell resistance
will be equivalent to a conventional measurement of the electrolytic conductivity. The
impedance associated with the electrode/electrolyte interface may be eliminated by
AC excitation of typically a few kHz or by DC polarisation during only a few milli-
seconds, including reversal of the polarity. In analogy with conventional measure-
ments of conductivity, different cell geometries can be used and still be possible to
compare via the cell constant. For a given geometry the cell constant constitutes the
link between resistance and resistivity or their reciprocals, conductance and conduc-
tivity. In this way, a universal criterion for the limiting conductivity above which the
sensor should be considered wet may be selected.

Such a criterion remains to be agreed upon but should, most likely, be related to
typical conductivities found for precipitation and dew in relatively unpolluted envi-
ronments. Thus, the time of conduction, TOC, may be defined as the length of time
when the electrolytic conductivity is greater than x uS/cm, as measured on the surface
of an inert electrolytic cell in thermal contact with the substrate material.

How to make use of TOW/TOC

TOW or TOC should not be considered as variables in the traditional sense. Since
these entities are derived from variables via selected criteria they are rather delimiters
or discriminators. Consequently, they should not be explicitly utilised in mathematical
expressions such as dose-response functions of the type originally proposed by Gutt-
man and Sereda (39). Instead TOW/TOC should be used to discriminate wet and dry
periods from each other, i.e. to determine when the "wet" and "dry" model, respec-
tively, should be used for calculating the extent of degradation (31). This procedure is
most obvious for metals but should also be applicable to non-metallic materials.

Conclusions

The WETCORR technique has been developed into a versatile tool for making
microclimate measurements in the built environment. The present version of the
equipment can accommodate up to 64 surface moisture grids and just as many tem-
perature sensors. The latest version of sensor is considered very suitable to estimating
surface moisture loads and times and simultaneously to give a reasonably correct
value of the surface temperature. The corrosion resistance of the combined moisture
and temperature sensor has also improved considerably compared with previous ver-
sions.
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The function of the Au/Au-type sensor under controlled conditions in the labora-
tory as well as in the field studies has shown very good reproducibility. A simple
equivalent electric circuit that helps explaining the transient character of the measured
WETCORR current on excitation can describe the working principle of the moisture
sensor. This transient is attributed to the electrolytic conductance of the moisture film
on the surface of the sensor grid. The asymptotic DC current, on the other hand, is the
result also of electrode/electrolyte reactions. Measurement of moisture conditions and
TOW should most likely be associated with the conductance of the electrolyte. To
improve the sensitivity of the method with regard to moisture detection, AC excitation
or short pulses of DC may be used to eliminate the capacitive properties of the cell.

There are numerous examples of the limitations of the ISO 9223 standard for es-
timating TOW. First, corrosion is not limited by temperatures below 0°C. Secondly, in
most exposure environments, deposition of pollutants and salt will generally lower the
RH above which wetting of the surface occurs due to the hygroscopicity of the depos-
its. For marine environments it is shown that the surface film remains conducting
down to a surface RH of around 30%. This phenomenon is most pronounced for rain
sheltered positions. Thirdly, radiation exchange between surfaces and the environment
is not considered. Differences in temperature between a surface and the surrounding
air may be considerable and cause both evaporation and condensation.

A generalised definition of TOW is proposed which takes into account the con-
ductivity of the moisture film rather than its thickness. Under the assumption that sig-
nificant degradation by corrosion or any other moisture related mechanism cannot
occur below a certain conductivity, a universal criterion for TOW can be defined. This
modified TOW is called time of conduction or time of corrosion, TOC, and is defined
as the length of time when the electrolytic conductivity is greater than x uS/cm, as
measured by an inert moisture sensor in thermal contact with a substrate material. The
exact value of the limiting conductivity remains to be agreed upon. In compliance with
conventional measurements of conductivity, any cell can be calibrated by determining
the cell constant for the electrode configuration in a standard electrolyte.

The adoption of the TOC concept makes possible a more strict separation of time
into ”wet” and “dry” periods. In other words, TOC can be used to discriminate be-
tween periods when different dose-response relations should be applied to describing
the degradation. This also implies that modelling of dose-response relations would not
have to include TOW in the actual models.
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Chapter 3

Overview of Exposure Angle Considerations
for Service Life Prediction

Henry K. Hardcastle III

Atlas Weathering Services Group, Atlas Electric Devices Company,
17301 Okeechobee Road, Miami, FL 33018

This paper reviews selected considerations of exposure angle effect
on materials weathering degradation. Calculation of solar angle of
incidence is reviewed for surfaces with different slope angles.
Historical UV irradiance measurement data is reviewed as a
function of exposure angle. Empirical degradation as a function of
exposure angle is reviewed for three materials.

It is important for treatments of Service Life Prediction (SLP) to account for the effect
of exposure angle on materials degradation. This paper presents several considerations
including solar angle of incidence, empirical solar radiation measurements at different
angles, and degradation rates of several materials at different exposure angles. The
presentation is grouped into three parts:

e Calculation of Solar Angle of Incidence

e Radiation Measurements as a Function of Exposure Angle

e Materials Degradation Measurements as a Function of Exposure Angle
(Experimental)

Calculation of Solar Angle of Incidence

Irradiance represents one of the most important variables effecting weathering of
materials in outdoor service. When materials are exposed at professional weathering
laboratories, measurements of incident radiation are usually available. When
exposures are conducted at remote locations, however, solar radiation impinging on
surfaces must be estimated.

Models and calculations of solar irradiance are straightforward for simple
situations but become more complex as exposure situations approach in-service
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conditions. The solar source itself has been well characterized and is considered stable
for most purposes regarding materials performance. Most researchers accept the 1353
- 1373 W/m"2 solar constant (/) estimates for extraterrestrial environments. There is
little evidence to suggest this estimate will change by an important amount in the near
future.

However, the solar flux impinging on terrestrial surfaces varies according to daily
and yearly cyclic causes. These effect solar radiation in two ways. First, as the angle
of incidence of flux on the surface changes, the light density changes. Second, the
effect of air mass filters the solar radiation. Thus, a materials orientation or angle in
service environments is a critical consideration in service life prediction. The angle of
incidence of sunlight for a surface at any angle, at any location on the earth, can be
determined by the following calculation from Duffie and Beckman (1980) (2):

Cos 0 =sindsin ¢ cos B - sin & cos ¢ sin B cos y + cos & cos ¢ cos B cos ®
+ cos & sin ¢ sin  cos ¥ cos ®
+ cos & sin P sin y sin ®

Where ¢ represents latitude
d represents solar declination at solar noon
B represents the slope of the surface
y represents the surface azimuth angle
o represents the angle of the sun east or west of local meridian
6 represents angle of incidence

The declination, 8, can be found from the equation of Cooper (1969):

8=2345sin ( 360 (284+n))
365

This calculation can be used to solve for the volume of angles of incidence “a”
surface is exposed to throughout the year at a location. For instance, a surface oriented
horizontally at Miami, FL experiences solar angles of incidence depicted in Figure 1.
This figure shows the angle of incidence as an output due to time of day and day of
year.

As a surface changes angle from horizontal, the family of angle of incidences
changes significantly. For instance, Figure 2 shows angles of incidence of a 26 degree
south exposure angle in Miami, FL, Figure 3 shows angles of incidence for a 45
degree south exposure and Figure 4 shows a vertical, south-facing surface’s solar
angle of incidence for a year. Figures 1-4 dramatically illustrate the different solar
environments surfaces experience simply by altering the single variable of exposure
angle.
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Angle of Incidence - 26 degree South Slope Surface - 26 degree Latitude
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Figure 2. Miami Exposure, 26 degrees south
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Angle of Incidence - 45 degree South Slope Surface - 26 degree Latitude
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Figure 3. Miami Exposure, 45 degrees south
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Angle of Incidence - 90 degree South Surface - 26 degree Latitude
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Figure 4. Miami Exposure, Vertical south
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Changing a surface’s exposure azimuth also dramatically changes a surface’s
solar environment. Figures 5 and 6 show a surface at 45 degrees slope angle facing
southeast (135 degrees) and west (270 degrees), respectively. Not only are these two
orientations subject to different solar irradiance variables, but an interaction between
orientation angle and local climatic conditions may also exist. In south Florida over
several months of the summer season, afternoons are significantly more cloudy than
mornings. Thus, even if a good correlation exists with morning solar dosages, SLP
models may require a weighting factor for afternoon irradiance estimates derived for
western facing orientations.

Changing a surface’s latitude also dramatically shifts the distribution of solar
angles of irradiance. Figures 7 and 8 show angles of incidence for a 90 degree south-
facing surface in Phoenix, Arizona and Moscow, Russia. A vertical surface in
Moscow’s summer encounters a very different set of incident angles than a similarly
oriented surface in Phoenix or Miami.

The angle of incidence variable alone cannot be used as a robust co-variable for
irradiance dosage. Coupled with each angle of incidence is a particular air mass
through which the sunlight must travel. Air mass significantly effects the spectral
power distribution of the solar source. The accepted standard extraterrestrial solar
spectral power distribution published in ASTM E 490 shows irradiance values of
1074W/m"2 um at 340nm. As the extraterrestrial radiation undergoes absorption,
scattering, and other optical effects, the spectral power distribution is modified as
represented in ASTM E 892 (3) which shows an irradiance value of 435.3 W/m"2 pm
at 340nm. Air mass is defined as the ratio of optical thickness of the atmosphere
through which beam radiation passes to the optical thickness if the sun were at zenith
(Air Mass = 1 when sun is directly overhead, Air Mass = 2 when sun is at 60° from
overhead). This is why solar spectral distribution can be expected to change for
different elevations if other variables are held constant.

Another important consideration for angle’s effect on SLP models is that for each
angle of incidence, there is a particular air mass associated with that angle of
incidence and possibly a unique solar spectral power distribution. Thus it will be
important for SLP models to account for the wavelength dependency of each
materials’ photodegradation rates in light of angle of incidence and air mass for a
particular in-service orientation and location. It will also be necessary to account for
the local environment’s effect on air quality including the ratio of diffuse to direct
beam component and, specifically, for clouds in the local environment. Partially hazy
or cloudy days represent additional sources of variability that must be treated in
theoretical models.

Radiation Measurements as a Function of Exposure Angle

" Given the complex interactions of variables in converting angle of incidence to solar

dose, it is often easier and more accurate to simply measure solar radiation in
reference environments. Atlas Weathering Services Group measures solar radiation
and maintains historical radiation data on a professional basis for a variety of surface
orientations and locations.
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Angle of Incidence - 45 degree Surface Facing 135 degree Azimuth -
26 degree Latitude
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Figure 5. Miami Exposure, 45 degrees southeast
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Angle of Incidence - 45 degree Surface Facing 270 degree Azimuth -
26 degree Latitude
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Figure 6. Miami Exposure, 45 degrees west
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Angle of Incidence - Vertical South Surface - 34 degree Latitude
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Figure 7. Phoenix Exposure, Vertical south
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Angle of Incidence - Vertical South Surface - 56 degree Latitude
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Figure 9 shows historical daily radiation measurements for 26 degree oriented
south surface from 1990 to 1998. These measurements were made with calibrated
Epply Laboratories TUVR instruments and showed accumulated energy deposited
from 295-385 nm. The figure plots median actual values, mean statistical values, and
+ 1.96 standard deviations from the mean (95% confidence estimate) for the 1990 to
1998 time period. Interpreting this figure indicates that two different randomly
selected days may differ anywhere from 0 to 1.6 MJ/m"2 UV dose. This level of
variation may be important for in-service exposures and service life times of one or
several days. Testing of skin response and specialty materials designed for rapid
decomposition may be required to account for this type of daily variation. Many
materials designed for the exterior service environment, however, undergo service
lives involving much thicker time slices and require larger UV dosages to show
significant photodegradation.

Figure 10 shows historical monthly total UV radiation measurements for a 26
degree south oriented surface from 1990 to 1998. Interpreting this figure indicates that
exposures for two different Julys may differ from approximately only 22 to 32
MJ/m"2 UV dose within + 1.96 standard deviations. Again, this variation may be
important for those materials with service life times on the scale of one month. The
focus of most materials SLP, however, is on materials with a multi-year in-service life
expectancy.

Figure 11 shows historical yearly total UV radiation measurements for a 26
degree oriented surface from 1990 to 1997. Interpreting this figure indicates that
exposures for any two different years may differ from approximately only 250 to 350

“MJ/m"2 UV with in + 1.96 standard deviations. The actual yearly totals from 1990 to

1997 show a moderately good agreement with the statistical mean for the 1990 to
1997 period. Actual totals for this data show no discernable trends or cyclic patterns.
If the variation depicted in Figure 11 were considered analogous to a plot of output of
a manufacturing process (i.e., control chart), most manufacturing process engineers
would interpret this as evidence of a relatively stable process in a state of statistical
control (4).

It is the multi-year time slice and predictability of solar irradiance dosage at the
multi-year level of context that is important for the vast majority of materials designed
for exterior in-service use conditions. Figures 12, 13, 14 and 15 show distributions of
historical yearly total UV radiation dosages for a selection of angles facing due south
measured at Atlas Laboratories in Phoenix, Arizona and Miami, Florida from
calibrated and maintained Epply TUVR radiometers.
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EVTL, FL - Daily 26 degree TUVR - '90-'98
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Figure 9. Daily Solar Radiation, Miami
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Figure 10. Monthly Solar Radiation, Miami (Note: The +1.96 Standard Deviation lines
widen in the ninth month due to an assignable cause in 1992 when hurricane Andrew passed
over the measurement site. Radiation measurements were discontinued for many days reducing
n and increasing the standard deviations.)
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Figure 11. Yearly Solar Radiation, Miami, At Latitude
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Figure 12. Yearly Solar Radiation, Miami, 45degrees
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Figure 15. Yearly Solar Radiation, Phoenix, 45 degrees
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Materials Degradation Measurements as a Function of Exposure
Angle (Experimental)

If materials degradation were solely a function of UV dose, one could expect
degradation rates to co-vary with the functions depicted in figures of the previous
section. Experience and empirical data indicate, however, that a much more complex
system of variables and interactions operates to degrade many materials. In order to
gain some simple insights and appreciation for these complex systems, Atlas
Weathering Services Group designed and conducted two very simple experiments
involving the effect of exposure angle on materials degradation and one small
empirical study involving measurements of finished construction components after
exposure in the end-use environment.

Experiment A: Effect of Exposure Angle on Development of Yellowness in Clear
Polystyrene Reference Materials.

Research Question:

If a polystyrene reference material is exposed at different angles, will differences
in rates of change of Yellowness Index correspond with different dosages of UV
measured at these exposure angles?

Materials:

Polystyrene plastic lightfastness standard material specimens were randomly
selected from a single production lot obtained from Test Fabrics, Inc. This material is
typically used as a standard reference material for monitoring controlled irradiance,
water-cooled xenon arc apparatus. Two randomly selected specimen sets were placed
on outdoor exposure at Atlas’s SFTS Laboratory in Miami, Florida and Atlas’s DSET
Laboratory in Phoenix, Arizona during the summer of 1999. Replicate pairs were
placed on different angles of exposure simultaneously. The degradation in yellowness
index (ASTM E 313) was measured at periodic intervals of exposure from May to
August 1999.

During this exposure period, accumulated solar UV radiation dose was measured
using Epply Laboratories TUVR radiometers at these sites oriented to the same
exposure angles as the specimens.

Results:
The data obtained for this experiment is shown in Figures 16 and 17.

Discussion:

The results indicate a strong positive correlation between accumulated UV dose
due to angle of exposure and Yellowness Index. Besides UV dose there also appears
to be at least one variable that effects development of Yellowness Index that is linked
to the different locations. The character of Yellowness Index development in the
Florida exposure differs from that of the Arizona exposure. This difference is
significant and important. It is these significant and important differences between
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predicted values and empirical results that represent a critical limitation to theoretical
SLP models now and possibly in the future.

Experiment B: Effect of Exposure Angle on Color and Gloss Change of Brown
Coil Coated Cylinders.

Research Question:

If a short length of continuous coil coated metal is formed into a cylinder and
placed on exposure, will color and gloss changes at different locations on the cylinder
indicate the effect of exposure angle on materials’ weathering characteristics?

Materials and Apparatus:

Lengths of commercially available brown coil coated construction material were
obtained and fitted as cylinders around circular pipe substrates. Cylinders were
placed on exposure with the long axis oriented east and west at Atlas’ SFTS and
DSET Laboratories in Miami, Florida and Phoenix, Arizona, respectively.

Each cylinder was carefully indexed so that repeated color and gloss
measurements could be taken at specific target areas. The index marks corresponded
to different angles of exposure. After one year, the coil coated material was removed
from cylinders and measured for color (ASTM D2244, D65, 10 degree, CIE L*,a*b*
RSIN) and gloss (ASTM D523 60degree gloss).

Results:
The results of the 1-year exposure and measurements are shown in Figures 18-21.

Brown Coil Coated Cylinder - 1 Yr Phoenix Exposure - Color
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Figure 18. Phoenix Exposure Effect on Brown Coil Color
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Brown Coil Coated Horizontal Cylinder - 1 Yr Phoenix Exposure -
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Figure 19. Phoenix Exposure Effect on Brown Coil Gloss

Brown Coil Coated Horizontal Cylinder - 1Yr Miami Exposure - Color
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Figure 20. Miami Exposure Effect on Brown Coil Color
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Brown Coil Coated Horizontal Cylinder - 1 Yr Miami Exposure - Gloss
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Figure 21. Miami Exposure Effect on Brown Coil Gloss

Discussion:

The results of the exposure and measurements show good characterization of the
effect of weathering on a single specimen as a function of exposure angle. The
Arizona exposed cylinder showed a peak in L* values approximately at the horizontal
orientation. There did not appear to be important differences between areas within 30
degrees south of the horizontal orientation. The slope of the curve on the south-facing
surface appeared more gradual than the slope of the north-facing orientations.

The Florida exposed cylinder showed a considerably different weathering
behavior. At angles of incidence greater than 40 degrees from vertical, the change in
L* value as a function of exposure angle behaved in a manner co-varying with solar
irradiance. As exposure angles decreased to less than 40 degrees from vertical, the
materials weathering behavior dramatically shifted. The angle considerations
associated with service life prediction at angles less than 40 degrees from vertical do
not appear to pertain to angles greater than 40 degrees from vertical for this material
in specific environments. Failure of SLP models to account for this type of significant
and important consideration of exposure angle (as well as other variables) may result
in catastrophic unexpected failures for users of such insufficient models.

The Florida cylinder, however, did not show a shift in weathering behavior for
gloss as it did for color. SLP models must consider different weathering behaviors.
Not only must material dependencies be taken into account, but SLP models must also
consider different material characteristics and attributes being measured. Degradation
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phenomena for color L* values is very different than degradation phenomena for 60
degrees gloss values for this material in Florida exposure.

Empirical Study: Finished Construction Components After Exposure in Service
Environment

Research Question:
What are the degradation characteristics of a commercial material in end-use
environments as a function of azimuth exposure angle?

Materials and Apparatus:

Due to the empirical nature of this study, material composition, length of
exposure and initial values are unknown. Only the location and orientation of the
construction unit is known. This may also be the case for many real world studies of
materials in service use. A commercial parking lot in Fort Lauderdale, Florida which
had sets of lampposts in relatively unobstructed areas was selected. These posts were
octagonal vertical columns approximately 12 inches in cross section. The steel was
coated with a dark green industrial coating of moderate gloss. These posts were
oriented near vertically with one of the faces due south as shown in Figure 22.

Figure 22. Octagonal Lampposts in Ft. Lauderdale
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Four of the posts were thoroughly measured using a hand-held Hunter Miniscan
spherical colorimeter (LAV, RSIN, CIE L*,a* b* 10 deg observer) for color and using
a BYK Tri-Gloss hand-held glossmeter for 60 degree specular gloss. Each of the
surfaces of the octagonal structure were measured at four haphazardly selected
locations between 5 and 8 feet above ground with the mean reported. Measurements
were conducted in June 1999 on a cloudy day to preclude large temperature
differences on the different faces of the structures.

Results:
Figures 23, 24 and 25 show the data obtained for L*, b* and 60 degree gloss
respectively.

Discussion:

The results of the measurements show a good characterization of the effect of
weathering on specimens’ color and gloss as a function of azimuth angle. It may be
possible to use existing in-use examples such as this to check SLP model results in an
empirical way. If a relationship between irradiance dosage as a function of angle is
characterized, it may be possible to correlate the relationship to distributions such as
those shown in figures 18 - 21 showing degradation as a function of angle.
Understanding this correlation may allow a simple estimate of degradation due to
solar irradiance dose vs. degradation due to other factors. In this way, researchers may
gain insights as to the relative importance ranking of the solar irradiance variable with
respect to other variables.

Distribution of CIE L* Values on Lamp Posts as a Function of
Azimuth Angle

CIE L* Value
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Azimuth Angle

Figure 23. Distribution of L* Values on Ft. Lauderdale Lampposts
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Figure 24. Distribution of b* Values on Ft. Lauderdale Lampposts
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Figure 25. Distribution of Gloss Values on Ft. Lauderdale Lampposts
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Summary

This paper has presented several contextual levels of considerations regarding
exposure angle effects on service life prediction. Some of the effects of exposure
angle on service life prediction can be considered very simple, straightforward effects
predicted by Newtonian physics and geometry, such as solar angle of incidence. Other
effects of exposure angles on service life predictions can be quite complex and
involve special cases of material dependencies and local climates as seen with
empirical data presented here within. A truly robust and useful SLP model should
predict service life of specific materials in actual “in-service” conditions and not only
in simple theoretical artificial or hypothetical simulations. Understanding real world
considerations including effects of exposure angles along with these considerations in
SLP models will improve the usefulness of SLP models.
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Chapter 4

Fractional Factorial Approaches to Emmaqua
Experiments

Henry K. Hardcastle III

Atlas Weathering Services Group, Atlas Electric Devices Company,
17301 Okeechobee Road, Miami, FL 33018

Sophistication of experimental designs for weathering research
continues to evolve. The majority of current weathering experiments
utilize simple designs which change few variables at a time.
Conducting “Fractional Factorial” experiments before using
traditional approaches focuses weathering research on the
significant and important variables effecting material performance.
This paper presents a methodology for applying “Screening
Fractional Factorial” approaches to material performance research.
It includes a case study and examples of weathering data.

Introduction

One may consider the recent history of the weathering discipline (the past 100
years or so) as an evolution of weathering experiments. This evolution trends from
simpler, single variable experiments towards more stochastic and broader
experimental approaches. All the different major types of weathering experiments
represent important tools engineers can use for answering different types of questions
regarding product development. Reviewing some of the levels of sophistication in this
evolution provides an understanding of experimental tools available. This presentation
reviews tools in the context of weathering experimentation. These tools also apply
well to most aspects of experimental science and one observes their use in agriculture,
health sciences, industrial engineering, service industries, etc. Some of the major
levels of experimental sophistication can be organized as shown in Figure 1.
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Figure 1. Evolution of Experimental Approaches

Theory

Single Variable — Interested in the Presence or Absence

A single variable or “on-off” trial probably represents the earliest levels of
experiment. This type represents “Experiment” in it’s simplest application, forms the
foundation for all other levels of experimentation, enjoys wide use in the weathering
industry today, and represents a good starting point for developing a lexicon
describing weathering experimentation evolution. In this level, the experimenter
wants to understand the effect of a single variable on a system. The system is tested
with and without the variable applied. Other conditions are kept constant or
“blocked”(1). Figure 2 shows a graphic representation of this simple design.

Application of this experimental design is simple. The experimenter prepares two sets
of samples for trial: sample set “A” without the variable applied, and sample set “B”
with the variable applied (often referred to as the “Input Variable” or the
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“Independent Variable™) and then exposes the two sets side by side to the weather.
After a period of exposure, the experimenter measures the two sets and analyzes the
measured values (often referred to as the “Output Variable” or “Dependent
Variable™). The analysis looks for differences between the two sets.

140 _| )
RESPONSE
3071 @
| |
] |
off on
VARIABLE “A”

Figure 2. A Single Variable Design — “On — Off Trial”

Spin-off of the Single Variable Experiment: Which is better?

Formulators often use an important spin-off of the single variable experiment in
weathering experiments, especially for alternative vendor evaluations or “Drop In”
formulation components. In this design, one includes multiple pairs instead of a single
pair of experimental samples to determine “which is better.” Figure 3 shows a graphic
representation of this simple design.

Application of this design is similar to the single variable. The experimenter prepares
a separate sample set for each alternative candidate (usually including a standard set to
compare performance against as a control). The experimenter measures the output
variable(s) of all sets after exposure and analyzes for significance and importance.

Interested in “How Much” (Ramp)

The previous two approaches were interested in “does it” or “does it not”- presence or
absence of a variable. The next level of sophistication involves a different research
question. Process engineers often use a “ramp” experimental design to determine
“how much” of an input variable effects performance. This design involves amounts
of an input variable and represents a higher level of context than simple presence or
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absence. Currently, this design is the most widely used tool for optimizing formulation
component levels today. Figure 4 shows a graphical representation of a single variable
design with multiple levels of the variable.

1400 °
RESPONSE o o
30 °
! I
' Vendor Vendor Vendor
Standard “A” «g” o~
VARIABLE “A”
Figure 3. Single Variable “Which is Better”
140 _|
RESPONSE o ® ®
o
o
30 T @
| ] | ] | |
I I | | o
4 8 12 16 20 24
LEVEL OF VARIABLE “A”

Figure 4. Single Variable — “Ramp”’

The on-off trial and single variable ramp experimental designs with variations and
combinations represent the overwhelming majority of weathering experiments
performed today. Their application is easy and analysis is clearly communicated to
technical and non-technical audiences. The application of these designs to weathering
characterization is so widespread that dependence on these designs may represent a
limiting paradigm constraining growth in understanding of weathering phenomena
today. Exclusive use of these narrow focus designs represents important limitations
for product designers and process engineers struggling with weathering research, as
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well as, manufacturing capability and control issues. Experimentation at these levels
of context alone does not provide an efficient approach for comprehensive
improvement efforts faced with the plethora of variables effecting product weathering
performance. Supplementing these approaches with experimentation at higher levels
of context represents a more stochastic approach. Performing multi-variable screening
experiments prior to application of these simple, fundamental designs offers
efficiencies for understanding weathering through experimentation.

Two Variables:

A jump in the sophistication of weathering experiments occurs when designs utilize
more than one input variable. Rarely, if ever, does a product’s manufacturing or in-
service environment involve only a single variable. Two variable experiments involve
different research questions than those of simpler designs including investigation of
interactions between input variables (2). Often these experiments are represented as
“Square” designs.

One of the most popular applications of these "Square” designs involves identifying a
Low and High setting for each independent variable. Four trials are then conducted
according to the following array:

Trial 1 Both Variables At Low Setting
Trial 2 Variable “A” At Low Setting Variable “B” at High Setting
Trial 3 Variable “A” At High Setting Variable “B” at Low Setting
Trial4 | Both Variables At High Setting

Multiple “identical” samples or replicates are often included in each trial to
characterize the background variance within each trial. Output from each trial is often
graphed on the same coordinate system for easy comparison with two low settings and
two high settings compared for each variable. Figure 5 shows a graphical
representation of this design. These graphs are read differently than traditional
Cartesian coordinate systems. Often, intermediate input variable settings between the
high and low settings are added to this design as additional trials and reveal
intermediate topography. Sometimes this analysis is referred to as a “response
surface.”

These designs are also referred to as “Full Factorial” designs if each factor or input
variable is tested at each setting. These designs are also said to be orthogonal or
balanced; two trials with “A” set low, two trials with “A” set high, two trials with “B”
set low, two trials with “B” set high. The othogonality is sometimes best understood
by visual examination of the geometric layout of the “Square” design. The orthogonal
characteristics of these designs result in experimental efficiency and power and they
advance these designs to a higher level of sophistication than the traditional
weathering experiments widespread throughout industry today.
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Figure 5. Two Variable Design

Three Variables

A simple enhancement to the two variable “Square™ concept is to add a third variable
resulting in a “Cube” experimental design. This simple advancement drives
experimental sophistication to a new level of context. These designs are more
appropriate for weathering experiments since very rarely are only two weathering
variables acting simultaneously on a product in end-use. In this three-dimensional
experimental volume resides the classic weathering interaction of temperature,
irradiance, and moisture variables. A two-dimensional experimental design does not
have the inherent level of context necessary to characterize temperature-irradiance-
moisture interaction phenomenon. It is befuddling to this author why the vast majority
of weathering research is conducted at less sophisticated levels of experimentation to
gain understanding of systems that operate at higher levels of context.

Application of this “Cube” design follows similar procedures as for square
designs. Eight Trials (2°) are performed with individual variables set to high and low
settings independently of other variable settings. The design is full factorial (each
variable at each setting of high and low) and othogonally balanced. Intermediate input
variable settings are often added to reveal intermediate topography. Figure 6 shows a
graphical representation of a three variable design. Figure 7 shows empirical
weathering data from a “Cube” design experiment involving exposure environment,
wet time and exposure angle. The interactions between variables is clearly evident in
this design.
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Figure 7. Summary of a Three Variable Full Factorial Weathering Experiment
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Fractional Factorials

The orthogonality of previously discussed designs allows a jump to the next level of
sophistication in weathering experimental designs. As we increase the number of
variables in a full factorial design, the number of trials required dramatically
increases: for a two variable orthogonal, four trials are required — two at high, two at
low for each variable. In a three variable orthogonal; eight trials are required — four at
high, four at low for each variable. In a four variable orthogonal; 16 trials — eight
high, eight low. For any number of variables in a full factorial performed at two
setting levels (high and low), the number of trials required equals the number of
setting levels raised to the power of the number of variables investigated (for example,
four variables at high and low settings = 2* = 32 trials = 16 at high setting, 16 at low
setting). The experimenter may only need four trials at the high setting and four trials
at the low setting for the required level of confidence needed to determine if a specific
variable has a major effect on the system. Fractional Factorial designs allow the
experimenter to delete some of the trials required by the full factorial design as long as
the orthogonality of the design is maintained. The power of the orthogonality can be
virtually exchanged for efficiency in the number of trials. The resulting design is
termed a Fractional Factorial Screening Experiment.

Manufacturing Process Engineers widely use fractional factorial screening
experiments to “screen out” the trivial many variables from the “important few”
variables (3). A small confirmation experiment (typically two to four additional trials)
follows a screening experiment to confirm the results. Once the manufacturing process
engineer identifies the important variables, the engineer can focus process
improvement efforts in an efficient manner on those variables that the process
indicates are important. This analogy described for characterizing and improving
manufacturing processes applies perfectly to improving weathering performance.
Weathering processes are multi-variable complex processes that are highly material
dependent. Weathering investigators can use fractional factorial screening
experiments to “screen out” the trivial many variables from the “important few”
variables. Once a screening experiment indicates the most important variables for a
particular material, a small confirmation experiment always confirms the results. Once
the weathering investigator identifies the important variables, he can effect the
material formulation, processing variables, and in-service environments to improve
weatherability. Equally important, the investigator can optimize variables identified as
trivial by the process to reduce manufacturing costs! This advantage may be especially
useful in raw material cost-cutting projects.The materials weathering research efforts
can then be focused in an efficient manner on the variables that the process indicates
are important.
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The fractional factorial experimental design answers questions such as:

e Of the nine components in this vinyl formulation, which have the biggest effect
on yellowing after five years Florida exposure, what is each component’s order
and magnitude of importance on yellowing, and which components can be
optimized for cost without sacrificing weathering performance?

e Of the ten major production line variables the line operator can control, on which
should I establish control charting to improve quality of weatherability, and
approximately what mean and tolerances should I begin with?

e Of the major weathering agents this product will be exposed to (temperature,
moisture, irradiance, pollution, abrasion, solvents, biologicals, cycling, etc.),
which require research efforts to improve customer satisfaction for weathering
performance?

e  For the major weathering failure modes I have identified in the FMEA, what are
the risks associated with each?

e For my material, which of these many weathering variables can be increased in
order to accelerate weathering for test development?

e For this vendor’s candidate material, which environmental variables have the
biggest effect on the system’s weatherability?

Clearly, the types of research questions addressed with fractional factorial screening
approaches represent a different level of context than single variable and ramp level
experiments which make up the majority of weathering experiments performed today.

Application

Application of fractional factorial screening and confirmation designs is relatively
simple to implement but relatively complicated to describe thoroughly. This
presentation describes a straightforward ten-step procedure leaving the “why” to more
esoteric and involved statistical publications. The reader should become familiar with
theoretical underpinnings of these designs. The reader should also practice application
of these designs — beginning with inexpensive, simple, non-critical investigations — to
gain experience with these techniques (2)(4). The reader should not become
dissuaded by complex, restrictive, theoretical considerations that often become
barriers to beginning these types of empirical applications in experimentation.

“The purpose of Mathematics is insight, not numbers.” Sam Saunders, Ph.D.,
02/08/99

The author has used the following 10-step procedure effectively in many screening
experiments, both for investigating manufacturing processes and weathering
processes. This ten-step outline may need modification for specific applications and is
not exhaustive in detail but will serve to identify the major components and sequence
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for most uses. This 10 step procedure was used to perform the case study described in
the experimental section of this presentation.

This tool — like all others — if used improperly, can result in erroneous decisions with
catastrophic results; or likewise, if used with skill, can enhance product performance
and customer satisfaction. This treatment only reviews a tool available to the engineer.
This treatment does not present application methodology details. Proper use of this
tool includes reviewing procedures, cautions, and warnings as specified in appropriate
standards.

Ten Step Procedure:
Step 1 - Write a simple, concise research question.

Step 2 — List the variables to be investigated. Check that variables are truly
independent.

Step 3 — Select high and low settings (if a two-level experiment) or high, middle, low
(if three-level experiment), etc. Check to make sure settings are not so far apart as to
cause catastrophic failure if all variables are set high or low simultaneously. Check to
make sure variable settings are far enough apart that they can be described as
“significantly different.”

Step 4 — Select an appropriate fractional factorial orthogonal array for the number of
variables under investigation, L'®, L% L%, etc. Use published arrays. Assign specific
variables to specific columns in the design with regards to known interactions and
alias concerns of the fractional factorial. Figure 8 shows an L16 Fractional Factorial
Array (4)(5).

Step 5 — Perform trials according to the fractional factorial array schedule. Include
multiple replicates within each trial as necessary, given within trial variability and
gauge variability. Control the input variables to described levels for each trial in the
array. Block other variables not designed into the experiment.

Step 6 — Measure the desired output variables from each trial.

Step 7 — Quality Control check all work. Recheck that all trials were performed in
accordance with the array. Recheck all measurement values. Recheck all data entry. A
simple error in variable settings, data entry, measurements, etc., may void the
orthogonal basis resulting in erroneous decisions.

Step 8 — Analyze the output using samples collected, effects graphs, and ANOVA
techniques.

Step 9 — Determine the significance and importance of each variable’s effect on the
output.
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Step 10 — Confirm the conclusions. Run a minimum of two confirmation trials: one
trial with the variables indicated as significant and important set to high levels, one
trial with significant and important variables set to low levels. Set insignificant
variables to cost effective settings for both of these trials. Check that the results of
these two confirmation trials confirm predictions of the screening experiment in both
direction and magnitude of differences. Additional confirmation trials can be added
for additional understanding of main effects, interactions, and aliases.
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Figure 8. An L"® Fractional Factorial Array: 1 = Variable at Low Setting,
2 = Variable at High Setting.
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Experimental

During the summer of 1999, Atlas Weathering Services Group performed a fractional
factorial weathering experiment on commercially available materials.

Step 1:

The general purpose of this investigation was to better understand the effect of
specific pretreatment and weathering variables on appearance properties using the
EMMA natural accelerated weathering device. Understanding how selected variables
effect EMMA weathering may indicate: 1) which variables are most important for
weathering different material types, 2) which variables are important for focused
AWSG R&D efforts, and ultimately 3) which variables to control with advancements
in the EMMA weathering process. Additionally, it was hoped this experiment would
provide a check of “conventional wisdom” regarding weathering phenomena of these
materials as described in the literature, by AWSG customers, and in previous
parametric studies performed at DSET Laboratories.

Materials:

The materials for this experiment included current automotive paint systems, current
coil coated building materials, colored in polyethylene sheet extrusion, clear
polycarbonate sheet with a UV protected surface and injection molded clear
polystyrene reference material used as indicators in Weather-O-Meters. All materials
are commercially available at the time of this writing and were purchased from retail
sources by AWSG. Although all the listed materials were subject to this experiment,
this presentation includes results only for the Polystyrene reference material and the
Brown Coil Coated construction material.

Clear polystyrene injection molded plaques were obtained from Test Fabrics, Inc.,
West Pittson, Pennsylvania. All specimens were from the same production lot No. 4.
The specimens are properly denoted as “Polystyrene plastic lightfastness standard —
Plastic chips for use in monitoring controlled irradiance water cooled xenon arc
apparatus — specified in SAE test methods J1960 and J1885, 6/89”.

Brown coil coated aluminum was obtained from a commercial retail source. All
specimens were cut from within a single twelve foot length of coil. Individual
specimens were randomized before assignment of codes and labels.

Step 2: ]
Nine independently controllable variables were selected for this experiment from two
types: pretreatment variables and exposure variables. 2° or 512 trials would have been
required to perform this analysis using full factorial approaches. Both the pretreatment
and exposure variables were included as follows:

1. The temperature of the EMMA exposure under irradiance as indicated by metal
black panel temperature instruments mounted on the EMMA target next to the
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specimens (TEM). This variable was controlled by changing the amount of air
flow available for cooling the specimens.

2. The strength of the radiant flux striking the surface and total radiant exposure
from the solar spectral distribution. This variable will be referred to as
“irradiance” for the rest of this presentation (IRR). This variable was controlled
by changing the number of mirrors focused on the target area.

3. The application of a daytime spray cycle which wet the specimens surfaces during
periods of irradiation (SPR). This variable was controlled by turning on or
turning off the water source available for the daytime spray cycle.

4. The application of warm liquid water during periods when specimens were not
being irradiated. This variable will be referred to henceforth as nighttime soak
(NTS). Nighttime soak was controlled by removing the specimens from the target
boards and placing them in a 40°C water bath each night and placing the
specimens back on the target boards the next morning for daytime exposure.

5. Abrasion of the specimen’s surface prior to exposure (hencefourth referred to as
abrasion pretreatment). An AATCC Crockmeter device was modified to move the
abrasive cloth back and fourth on the specimen’s surface under highly repeatable
conditions. The Polystyrene was subjected to five reciprocal strokes using an
8000 grit abrasive. The brown coil was subjected to seven reciprocal strokes
using a 3600 grit abrasive. The abrasion pretreatment resulted in a light haze or
scratching on the specimen’s surface.

6. Thermo-mechanical cyclic stressing of the specimens using a soak - freeze - thaw
pretreatment (SFT). Specimens were soaked for 16 hours in a 49°C de-ionized,
re-circulating water bath followed by immediate placement into a —10°C freezer
for two hours followed by a six hour thaw/dry in ambient office conditions. The
cycle was repeated for five times. The soak — freeze — thaw pretreatment resulted
in a slightly hazy or milky translucent appearance and the formation of micro
cracks within the bulk of the Polystyrene injection molded plaques.

7. Chemical pretreatment of the specimens was accomplished by immersing the
specimens in a 40°C bath of dilute hydrogen peroxide (CHM). Polystyrene chips
were soaked for 24 hours. Brown coil specimens were soaked for six hours and
developed very minor blisters during the soak. After immersion, the specimens
were immediately flushed with de-ionized water for 15 minutes.

8. A high UV irradiance pretreatment by exposing specimens to a proprietary
process reported to improve weathering resistance (ARC).

9. Oven pretreatment was accomplished by placing the specimens in an air
circulating oven set to 70°C for 84 hours (OVN).

Pretreatments were performed in a specific sequence: abrasion preceded soak — freeze
~ thaw which preceded chemical pretreatment which preceded UV arc which preceded
oven, all of which preceded EMMA exposure. Prior to initial measurements, all
specimens were thoroughly washed using a 5% mild detergent solution, gentle hand-
wipe and thorough rinsing with de-ionized water after being pretreated.
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Step 3
High and low settings for each input variable were selected according to the schedule
shown in Figure 9. This experiment utilized only two levels.

Variable Low setting High Setting
Temperature Nominal -7°C Nominal + 7°C
TEM)
Irradiance 8 Mirrors (-10%) 10 Mirrors (+10%)
(IRR)
Daytime Spray No Daytime Spray With Daytime Spray
(SPR)
Nighttime Soak No Nighttime Soak With Nighttime Soak
(NTS)
Abrasion Pretreatment Not Abraded Abraded
(ABR)
Soak-Freeze-Thaw Pretreat | No Soak-Freeze-Thaw Soak-Freeze-Thaw
(SFT) Pretreat Pretreatment
Chemical Pretreatment No Chemical Chemical Pretreatment
(CHM) Pretreatment
High UV Pretreatment No High UV High UV Pretreatment
(ARQ) Pretreatment
Oven Pretreatment No Oven Pretreatment Oven Pretreatment
(OVN)
Figure 9. High and Low Variable Settings
Step 4

An L' fractional factorial array was selected for this experiment. Although the L'
can theoretically handle up to 15 independent variables, it is not appropriate to fully
saturate the array with variables. The nine variables identified for this investigation fit
into the L16 while leaving six columns blank. The blank columns were used in the
analysis for estimating the background variance, to check for significance of results,
and to check for some interactions.

Assigning each of the input variables to specific columns in the array requires some
judgment and understanding of aliases in the fractional design. For instance, we
believe there is a reasonable likelihood of interaction between temperature and
irradiance in this experiment. We want to understand the independent effects of these
two variables as well as the synergy between them. The temperature variable is
assigned to the first column since the first column will reveal temperature effects
alone. The irradiance variable is assigned to the second column since the second
column will reveal irradiance effects alone. The third column is left blank since the
third column’s settings will reveal any effects due to interaction between the
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temperature and irradiance variables. If we did assign a variable to the third column in
this design, we would create a confound. We would not be able to tell if the effects
tested by the third column were due to a synergy between temperature and irradiance
or were due to the variable we assigned to the third column. This confound is often
referred to as an “alias.” The remaining variables are assigned to columns with similar
justification; daytime spray is assigned to Column 4. Column 5 will reveal a
significant interaction between daytime spray and temperature settings. Interaction
between daytime spray and irradiance will be revealed by Column 6 and Column 7
will reveal a three-way interaction between temperature, irradiance and daytime
spray. We consider it highly unlikely that a three-way interaction would show up from
treatments in Column 7 without showing significant differences from Columns 3, 5
and 6 (the two-way interaction indicators). We chose to assign a variable and alias
Column 7 with the soak — freeze — thaw pretreatment variable. The remaining
variables for this experiment were assigned using similar justification. The final array
with variable assignments is shown in Figure 8. This schedule details 16 trials with
unique settings of nine different variables.

Step 5

The 16 trials prescribed by the experimental array were performed simultaneously on
16 different EMMA (Equatorial Mount with Mirrors for Acceleration) machines at
DSET Laboratories from May 21, 1999 to July 29, 1999 (6). The machines utilized
were quality checked throughout the exposure. Proper variable settings were
maintained for each trial. Great care was utilized to insure all variables outside the
scope of the experimental design were blocked across all 16 trials. At several intervals
throughout the exposure, black panel temperatures were measured in the target area. A
graph representative of the temperature differences is shown in Figure 10. Note that
the target black panel temperature variable was controlled independently of the
irradiance variable for the 16 trials.

Step 6

After the exposure period, specimens were removed from exposure, measured for
appearance properties and compared to their initial values before exposure.
Polystyrene chips were measured for transmittance yellowness index according to
ASTM E 313-96 (7). Brown coil material was measured for color (CIE L*, D65,
Spherical, Specular included) using ASTM D2244-93 (8) and ASTM E 308-95 (9).
Brown coil was also measured for 60 degree gloss using ASTM D523-89 (10).
Polystyrene specimens were measured three times across the exposed surface and the
mean reported for each specimen. Brown coil specimens were measured five times
across the exposed surface and the mean reported for each specimen. Two specimen
replicates were included in each trial. The values reported are calculated deltas
between the initial measurements before exposure and final measurements after
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MQ L16 - Black Panel temperatures on 05/19/99
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Figure 10. Low and High Black Panel Temperature Distributions Achieved on 16
EMMAs

exposure. The delta values for the two specimens included in each trial are shown in
Figure 11. The trial number for the output values corresponds to the trial numbers
used in the fractional factorial array schedule in Figure 8.

Step 7

A thorough check of exposure conditions was performed weekly during the exposure.
The scheduled pretreatments for specific trials were confirmed. All work was recorded
as performed in engineering logs and written checklists were utilized throughout the
work effort. Measurements were confirmed based on comparison of replicate values.
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Trial Delta Delta Delta L* Delta L* Delta 60 Delta 60
Number Yellowness Yellowness of Brown | of Brown | degree Gloss | degree Gloss

Index of Index of Coil Coil of Brown of Brown
Polystyrene Polystyrene Replicate | Replicate Coil Coil

Replicate Replicate “B” “A” “B” Replicate Replicate
“A” “A” “B”
TO1 12.92 13.26 0.90 0.89 11 11
T02 23.19 22.79 2.44 2.29 14 11
TO03 11.95 12.34 0.61 0.60 22 19
TO04 24.80 26.00 1.60 1.72 18 15
TOS 18.62 17.99 0.59 0.64 23 23
T06 25.54 26.38 3.20° 3.19 16 17
TO07 20.05 19.18 1.01 1.00 13 15
TO8 22.45 20.56 2.03 2.19 18 18
T09 15.53 14.78 0.48 0.47 18 22
T10 24.58 24.63 243 2.23 19 20
T11 16.48 17.73 1.12 1.09 17 19
T12 16.43 17.84 1.31 1.28 17 17
T13 17.93 17.63 1.30 1.23 22 18
T14 26.6 26.57 1.99 2.02 20 22
T15 13.13 12.86 0.68 0.74 28 27
T16 29.04 29.71 2.63 2.33 23 20

Figure 11. Delta Yellowness Index, Color and Gloss for Exposed Replicates

Step 8

Analysis of the output data was performed at three levels: 1) Visual review of exposed
specimen collection, 2) review of experimental grouping using graphical techniques,
and 3) ANOVA.

1) Visual Review

A visual review was performed by laying out exposed specimens in groups. Groups
were formed using the orthogonal array for each variable. For the first layout, all
specimens that were exposed at higher temperatures were grouped together. All
specimens that were exposed to lower temperatures were grouped together. The two
groups were compared for overall appearance. Next, the eight sets of specimens that
were exposed to high irradiance were grouped together and compared to a group
composed of the eight sets of specimens exposed to low irradiance. This grouping
procedure was continued for each variable in the experimental design. The groupings
that revealed the most apparent differences between high and low settings were
identified.

2) Graphical Technique

A similar analysis to the visual grouping was performed using the Delta Yellowness
Index values. A mean was calculated for the eight sets of specimens exposed to high
temperature. A mean was calculated for the eight sets of specimens exposed to the low
temperature condition. These two mean values were plotted on a graph and connected
with a line. Next, a mean was calculated for all specimens exposed to high irradiance.
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A mean was calculated for all specimens exposed to low irradiance and these two
means were plotted next to the temperature variable means. This procedure was
continued for all the variables included in this design. This graphing technique
allowed the effects of each variable to be compared with the effects of all other
variables with a single graph. Using this analysis, it was quite simple to determine
which variables had the largest effect on yellowing of the polystyrene and the
magnitude of the effect compared to that of the other variables. Figures 12, 13, and 14
show the graphs obtained.

Delta Yellowness Index Mean Analysis

 E—— I I I I I  a—
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Figure 12. Main Effects Graph for Polystyrene Yellowness Index Values

Delta L* Mean Analysis
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Figure 13. Main Effects Graph for Brown Coil Coated Material L* Values
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Delta 60 deg. Gloss Mean Analysis

[ )

T T T T T T T T T T T T T T T T T T

IRR SPR  SFT NTS ABR OVN CHM CARC
12 1 2 12 12 1 2 1 2 12 12

Figure 14. Main Effects Graph for Brown Coil Coated Material 60° Gloss Values

3) ANOVA

Because the two techniques so far do not sufficiently account for within and between
trial variance, an ANOVA analysis was performed using a software package from
ASD, Inc. ANOVA Analysis of Fractional Factorial Screening experiments allows
experimenters to complete the following table:

Variables Tested That Are | Variables Tested That Are | Variables Tested That Are
Insignificant Significant But Significant And
Unimportant Important
1 1. 1
2 2. 2
3 3. 3
4 4. 4

The ANOVA performs an analysis using the F test. In an F test, an F ratio is
calculated comparing variance due to treatment variables to variance due to
experimental noise. The F ratio is often described as having the between column
variance in the numerator and the within column variance in the denominator (11).

For this analysis, we simply compare the effects caused by input variables to the
background variation of the experiment. As this ratio approaches one, we say that the
effects due to the input variables are not significantly different than the background
variation of the experiment or that the effect of input variables is not significant.

In Service Life Prediction; Martin, J., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 2001.



Downloaded by NORTH CAROLINA STATE UNIV on September 17, 2012 | http://pubs.acs.org

Publication Date: November 21, 2001 | doi: 10.1021/bk-2002-0805.ch004

82

However, as the F ratio becomes larger and larger, the effects due to the input
variables become more different than background experimental noise; a large F ratio
indicates the effect of the input variables is significant.

The variation due to input variables is easily traced back through the orthogonal array.
The ANOVA uses outputs from the columns to which the input variables were
assigned. An estimate of the variation due to experimental noise (experimental error,
background variation) comes from a combination of three sources for this analysis.
First, if replicate samples are used in the experiment (n>1), the sample to sample
variation in the results can be a good estimate of within treatment variation. Second,
the columns that were left blank in the orthogonal design represent a rich source for
estimating experimental error once interaction effects are ruled out. By incorporating
these blank columns and using unsaturated designs during the design steps of the
experiment, we are now rewarded with a very robust and statistically valid estimate of
experimental error. Third, any of the input variables that are not significant can also
be pooled into the estimate of experimental variance. By using all three sources to
develop a pooled estimate of experimental error, a very robust appropriate
experimental error term can be developed for the denominator of the calculated F
ratio. It is with this experimental error term that the effects of treatments are compared
to determine significance.

Once the F ratio is calculated from the experimental data, it may be compared to
values found in the standard F distributions given the degrees of freedom for the
numerator and denominator and the desired confidence level. If the data generated F
ratio value exceeds the critical F ratio value (from the table of standard F distribution
values) the effect of the input variable can be said to be significant (the output due to
that variable exceeds what would normally be expected due to random experimental
noise).

For this analysis, the ANOVA table, treatment variables, pooled sources of
experimental variance, and calculated F ratios are shown in Figure 15, Figure 16, and
Figure 17. Using the F column and r column in the ANOVA table, we can begin to
assign a rank order to the significant input variables and understand the magnitude of
effects compared to each other for polystyrene yellowness index as follows:

Variables Tested That Are | Variables Tested That Are | Variables Tested That Are
Insignificant Significant But Significant And
Unimportant Important
1. Temperature 1. Daytime Spray 1.
2. Oven Pretreatment 2. Soak — Freeze — Thaw | 2
Pretreat
3. 3. Chemical Pretreat 3.
4. 4. 4.
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It is important to compare the ANOVA table with the goals from Step 1. ANOVA
only indicates significance, not direction. For instance, the F ratio for ARC
pretreatment shows the effect of high UV pretreatment on Delta Yellowness Index
after 68 days EMMA exposure is significant. Only the graphs, however, indicate that
no pretreatment causes greater degradation while pretreating with high UV retards
degradation of yellowness.

The ANOVA table should also be inspected for effects of interactions between input
variables. Recall that these interactions should appear in the columns that were left
blank. The interaction between temperature and irradiance for this experiment should
show up in Column 3, the interaction between temperature and daytime spray should
show up in Column 5, and so forth. In this experiment, the F ratio values for these
interactions are small indicating no significant interactions in this experiment. After
inspecting the F ratios of these interaction columns for significant effects on the
output, if no significance is found, we can contribute these blank columns to our
estimate of experimental variation.

Source | Pool | DF S \% F S' T
TEM 1 0.3692 0.3692 0.5883 -0.2583 -0.03
IRR 1 74.9608 74.9608 119.4663 | 74.3334 8.49
Y 1 0.1172 0.1172
SPR 1 10.5536 10.5536 16.8194 9.9261 1.13
Y 1 4.2464 4.2464
Y 1 0.1454 0.1454
SFT 1 8.2855 8.2855 13.2047 7.6580 0.87
NTS 1 567.1459 | 567.1459 | 903.8700 | 566.5185 | 64.70
Y 1 0.4795 0.04795
Y 1 0.5452 0.5452
ABR 1 107.3735 | 107.3735 | 171.1230 | 106.7461 | 12.19
Y 1 2.2562 2.2562
OVN 1 0.0408 0.0408 0.0651 -0.5866 -0.07
CHM 1 7.7648 7.7648 12.3748 7.1373 0.82
ARC 1 85.2916 85.2916 135.9307 | 84.6641 9.67
el 1
e2 Y 16 6.0142 0.3759
(e) 22 13.8042 0.6275 19.4514 2.22
Total 31 875.5899 | 28.2448

Figure 15. ANOVA Table for Polystyrene Delta Yellowness Index
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