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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 n d 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 
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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 UYA 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 
"laboratory 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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3 

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]; 

5. 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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4 

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. 

b. 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. 

c. 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. 

d. 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. 

e. 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]. 

f. Clark [1] exposed a series of vinyl films in Miami, FL and Bound Brook, Ν J 
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. 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

Se
pt

em
be

r 
17

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 N
ov

em
be

r 
21

, 2
00

1 
| d

oi
: 1

0.
10

21
/b

k-
20

02
-0

80
5.

ch
00

1

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



5 

g. 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. 

h. 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. 

i . 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. 

j . 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. 

k. 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]. 

1. 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. 

m. 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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6 

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. 

o. 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 
contains 18 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) Î for increasing 
temperature trend, 2) 4 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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10 

Weather cycles: recti o r imaginary? 

4.00 r 

Frequency (cpa) 

Figure 2. Typical spectral analysis output for a weather element. Spectral peaks 2.1 
y, 5.1 y, and 20 y are statically significant at the 95% level (Fig. 2.taken from Spar 
and Mayer [67]). 

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. 
Al l 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 x and NO x having diameters in the 
range of 1 nm to 100 μπι. Anthropogenic aerosols, especially SO x and NO x , 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 SOx, NO x , fogs, and smoke at 
different geographical scales. Spectral analyses for aerosols were not located in the 
literature. From Table 2.5, trends for SO x 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 x 

and NO x 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. 

Al l 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 Norberg1 

Centre for Built Environment, Royal Institute of Technology, S. Sjo'fullsgatan 3, 
SE-80176, Gävle, Sweden 

1Current address: Centre for Built Environment, University of Gävle, Gävle, 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 

© 2002 American Chemical Society 23 
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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 Cu/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, Au/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 AD592AN-
transducers. This improvement makes it possible to more accurately measure tem
perature in general and surface temperature in particular. 
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• • • • • • • • «SSMSJ] • • • • • • • 

Figure L 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 2. The latest WETCORR sensor. 

uoo% 

30 60 
Time, s 

90 120 

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 
->—I 

Uo r— 

Rt 

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

Re is the resistance of the electrolyte between the electrode fingers, R t 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 w after applying a 
step voltage U 0 may be written as follows, using the notation in Figure 4. 

ι = u° 
R e + R t 

f R e + R t . \ P Ê L t 

R . 

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, Re , 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 Re 
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/m2day (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 (RH s u r). 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., 
R H s u r -v 5 (T s u r ) = R H a i r - ν ^ Τ ^ ) , where vs 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. 

100 

10 

1 

0.1 H 1 1 1 1 1 

0 20 40 60 80 100 

Relative humidity, % 

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 2 , 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 (~3μπι) on the sensor 
surface. This evaluation was made in a fairly mild environment corresponding to cor-
rosivity category CI according to ISO 9223 (5). Should the same criterion be applied 
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0.1 H 1 •—I h- ^ H 1 —I 1 1 

-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 Au/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 χ μ8Λ;πι, 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 ftmctions 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 χ μ8/ΰπι, 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: 

• Calculation of Solar Angle of Incidence 
• Radiation Measurements as a Function of Exposure Angle 
• 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 

© 2002 American Chemical Society 37 
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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/mA2 solar constant (7) 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 θ = sin δ sin φ cos β - sin δ cos φ sin β cos γ + cos δ cos φ cos β cos ω 
+ cos δ sin φ sin β cos γ cos ω 
+ cos δ sin β sin γ sin ω 

Where φ represents latitude 
δ represents solar declination at solar noon 
β represents the slope of the surface 
γ represents the surface azimuth angle 
ω represents the angle of the sun east or west of local meridian 
θ represents angle of incidence 

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

Ô = 23.45sin ( 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 - 0 degree South Slope Surface - 26 degree Latitude 

Figure 1. Miami Exposure, Horizontal 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

00
3

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



40 

Angle of Incidence - 26 degree South Slope Surface - 26 degree Latitude 

Figure 2. Miami Exposure, 26 degrees south 
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Angle of Incidence - 45 degree South Slope Surface - 26 degree Latitude 

Figure 3. Miami Exposure, 45 degrees south D
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Angle of Incidence - 90 degree South Surface - 26 degree Latitude 

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 Ε 490 shows irradiance values of 
1074W/mA2 μηι at 340nm. As the extraterrestrial radiation undergoes absorption, 
scattering, and other optical effects, the spectral power distribution is modified as 
represented in ASTM Ε 892 (3) which shows an irradiance value of 435.3 W/mA2 μηι 
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 

Figure 5. Miami Exposure, 45 degrees southeast 
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Angle of Incidence - 45 degree Surface Facing 270 degree Azimuth -
26 degree Latitude 

Figure 6. Miami Exposure, 45 degrees west 
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Angle of Incidence - Vertical South Surface -34 degree Latitude 

Figure 7. Phoenix Exposure, Vertical south 
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Angle of Incidence - Vertical South Surface - 56 degree Latitude 

Figure 8. Moscow Exposure, Vertical south 

American Chemical Society 
Library 
1155 16th St., N.W. 
Washington, O.C. 20036 
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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/mA2 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. Ιη ίβφΓβΓπ^ this figure indicates that 
exposures for two different Julys may differ from approximately only 22 to 32 
MJ/mA2 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/mA2 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 - 30 Day Totals 26 degree TUVR - 'ΘΟ-'θβ 

45.00 -r 

5 6 7 8 

30 Day Periods 

10 11 

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 
η and increasing the standard deviations.) 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

00
3

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



50 

EvTL,FL - Yearly Totals 26 degree TUVR - -SO-W 
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Figure 11. Yearly Solar Radiation, Miami, At Latitude 

EvTL, FL - Yearly Totals 5 degree TUVR - *90-*97 
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Figure 12. Yearly Solar Radiation, Miami, 45degrees 
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EvTL, FL - Yearly Totals 45 degrees TUVR - W - W 
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Figure 13. Yearly Solar Radiation, Miami, 45 degrees 

DSET, AZ - Yearly Totals 34 degrees TUVR - ·90-'97 
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Figure 14. Yearly Solar Radiation, Phoenix, At Latitude 
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DSET, AZ - Yearly Totals 45 degrees TUVR - '90-'97 
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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 Ε 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 

*î î 3 Φ Replicate A 
• Replicate Β 
• Replicate C 

-18 -16 -14 -12 -10 -80 -60 -40 -20 0 20 40 60 80 100 120 140 160 180 
0 0 0 0 0 

Exposure Angle (0=Horizontal) 

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

Figure 19. Phoenix Exposure Effect on Brown Coil Gloss 

Brown Coil Coated Horizontal Cylinder -1 Yr Miami Exposure - Color 

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

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 B Y K 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 

33 
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Figure 23. Distribution ofL* Values on Ft. Lauderdale Lampposts 
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Distribution of 60 degree Gloss Values on Lamp Posts as i 
Function of Azimuth Angle 
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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. Al l 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. 

© 2002 American Chemical Society 63 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

00
4

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



64 

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"(l). 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 

30 -4-

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 • • 

30 ~ • 
Standard 

Vendor Vendor 
"A" "B" 

VARIABLE "A" 

Vendor 
"C" 

Figure 3. Single Variable "Which is Better' 

140 

RESPONSE 

30 

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 U B " at Low Setting 
Trial 4 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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HIGH - 80 100 HIGH - • • \ 
VARIABLE "Β" RESPONSE 

/ 
LOW - 10 30 LOW - • • 

LOW HIGH 
VARIABLE 1 4 A" 

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 (23) 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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HIGH — 
ο; 

VARIABLE "Β" 
HIGH . Ο" 

LOW - i LOW 

• 
ci 

• · 

I 
VARIABLE L 0 W

 HIGH 
» c » VARIABLE " A " 

Figure 6. Three Variable Full Factorial Design 

Effect of Water Spray on Delta E* of Red Auto Coating 
-12 Months 

With 
Spray 

2.60 

1.04 

Arizona 

1.38 

0.49 

3.16 

0.74 

45 Deg. Angle 5 Deg. 

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 4 = 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. 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

00
4

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



71 

The fractional factorial experimental design answers questions such as: 
• 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? 

• 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? 

• 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? 

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

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

• 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 1 6 , L 8 , L 6 4 , 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 LI6 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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82 
α- χ 

Vari-_) 
ables 

• 1 2· 3 4 5 6 7 8 9 10 11 12 13 14 15 

Trial 
±No. 
t 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

2 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 
3 1 1 1 2 2 2 2 1 1 1 1 2 2 2 2 
4 1 1 1 2 2 2 2 2 2 2 2 1 1 1 1 
5 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2 
6 1 2 2 1 1 2 2 2 2 1 1 2 2 1 1 
7 1 2 2 2 2 1 1 1 1 2 2 2 2 1 1 
δ 1 2 2 2 2 1 1 2 2 1 1 1 1 2 2 
9 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 
10 2 1 2 1 2 1 2 2 1 2 1 2 1 2 1 
11 2 1 2 2 1 2 1 1 2 1 2 2 1 2 1 
12 2 1 2 2 1 2 1 2 1 2 1 1 2 1 2 
13 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1 
14 2 2 1 1 2 2 1 2 1 1 2 2 1 1 2 
15 2 2 1 2 1 1 2 1 2 2 1 2 1 1 2 
16 2 2 1 2 1 1 2 2 1 1 2 1 2 2 1 

A Β A 
Β 

C A 
C 

Β 
C 
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Figure 8. An L Fractional Factorial Array: J = 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. 

Stepl: 
The general purpose of this investigation was to better understand the effect of 
spécifie 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. Al l 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 9 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). 

Pre treatments 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 
(TEM) 

Nominal -7°C Nominal + 7°C 

Irradiance 
(IRR) 

8 Mirrors (-10%) 10 Mirrors (+10%) 

Daytime Spray 
(SPR) 

No Daytime Spray With Daytime Spray 

Nighttime Soak 
(NTS) 

No Nighttime Soak With Nighttime Soak 

Abrasion Pretreatment 
(ABR) 

Not Abraded Abraded 

Soak-Freeze-Thaw Pretreat 
(SFT) 

No Soak-Freeze-Thaw 
Pretreat 

Soak-Freeze-Thaw 
Pretreatment 

Chemical Pretreatment 
(CHM) 

No Chemical 
Pretreatment 

Chemical Pretreatment 

High UV Pretreatment 
(ARC) 

No HighUV 
Pretreatment 

HighUV Pretreatment 

Oven Pretreatment 
(OVN) 

No Oven Pretreatment Oven Pretreatment 

Figure 9. High and Low Variable Settings 

Step 4 

An L 1 6 fractional factorial array was selected for this experiment. Although the L 1 6 

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 LI6 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 Ε 313-96 (7). Brown coil material was measured for color (CIE L*, D65, 
Spherical, Specular included) using ASTM D2244-93 (8) and ASTM Ε 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 

90 

40 

0 ' - Ν ( « ) ^ 1 0 ( Ο Ν ( Ο Ο ΐ Ο τ · Ν ΐ Ο ' ί 1 0 ( Β Ν Ο Ο Ο > 0 ' - Ν η ^ Ι ί ) ( Ο Ν » 0 ) 
O O O O O O O O O O ^ T - T - T - ^ ^ T - ^ T - ^ C \ 1 C V J C N 1 C N C \ I C ^ Ç ^ Ç M Ç V J O J 

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 coriflrmed. Al l 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 
Number 

Delta 
Yellowness 

Index of 
Polystyrene 
Replicate 

"A" 

Delta 
Yellowness 

Index of 
Polystyrene 

Replicate "B" 

Delta L* 
of Brown 

Coil 
Replicate 

"A" 

Delta L* 
of Brown 

Coil 
Replicate 

"B" 

Delta 60 
degree Gloss 

of Brown 
Coil 

Replicate 
"A" 

Delta 60 
degree Gloss 

of Brown 
Coil 

Replicate 
"B" 

TOI 12.92 13.26 0.90 0.89 11 11 
T02 23.19 22.79 2.44 2.29 14 11 
T03 11.95 12.34 0.61 0.60 22 19 
T04 24.80 26.00 1.60 1.72 18 15 
T05 18.62 17.99 0.59 0.64 23 23 
T06 25.54 26.38 3.20% 3.19 16 17 
T07 20.05 19.18 1.01 1.00 13 15 
T08 22.45 20.56 2.03 2.19 18 18 
T09 15.53 14.78 0.48 0.47 18 22 
TIO 24.58 24.63 2.43 2.23 19 20 
T i l 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 II. 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. Al l 
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 

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

Figure 12. Main Effects Graph for Polystyrene Yellowness Index Values 

Delta L* Mean Analysis 

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

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

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

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. 
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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>l), 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 
Insignificant 

Variables Tested That Are 
Significant But 
Unimportant 

Variables Tested That Are 
Significant And 

Important 
1. Temperature 1. Daytime Spray 1. 
2. Oven Pretreatment 2. Soak - Freeze - Thaw 

Pretreat 
2. 

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 V F S* r 
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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Source Pool DF S V F S' r 
TEM 1 0.0770 0.0770 0.9385 -0.0051 -0.03 
IRR 1 0.8811 0.8811 10.7352 0.7991 3.96 

Y 1 0.0026 0.0026 
SPR 1 0.5913 0.5913 7.2045 0.5093 2.52 

Y 1 0.1815 0.1815 
Y 1 0.0488 0.0488 

SFT 1 0.0001 0.0001 0.0010 -0.0820 -0.41 
NTS 1 14.4857 14.4857 176.4862 14.4036 71.32 

Y 1 0.3424 0.3424 
Y 1 0.3301 0.3301 

ABR 1 0.0604 0.0604 0.7356 -0.0217 -0.11 
Y 1 0.7970 0.7970 

OVN 1 0.1969 0.1969 2.3987 0.1148 0.57 
CHM 1 0.3342 0.3342 4.0712 0.2521 1.25 
ARC 1 1.7625 1.7625 21.4735 1.6804 8.32 
el 1 
e2 Y 16 0.1033 0.0065 
(e) 22 1.8057 0.0821 2.5444 12.60 
Total 31 20.1948 0.6514 

Figure 16. ANOVA Table for Brown Coil Delta L 

Source Pool DF S V F S' r 
TEM 1 132.0313 132.0313 51.4673 129.4659 23.98 
IRR 1 87.7813 87.7813 34.2182 85.2159 15.78 

Y 1 2.5313 2.5313 
SPR 1 11.2813 11.2813 4.3976 8.7159 1.61 

Y 1 0.7813 0.7813 
Y 1 9.0313 9.0313 

SFT 1 140.2813 140.2813 54.6833 137.7159 25.50 
NTS 1 16.5313 16.5313 6.4441 13.9659 2.59 

Y 1 0.2813 0.2813 
Y 1 1.5313 1.5313 

ABR 1 1.5313 1.5313 0.5969 -1.0341 -0.19 
Y 1 0.7813 0.7813 

OVN 1 19.5313 19.5313 7.6135 16.9659 3.14 
CHM 1 11.2813 11.2813 4.3976 8.7159 1.61 
ARC 1 63.2813 63.2813 24.6678 60.7159 11.24 
el 1 
e2 Y 16 41.500 2.5938 
(e) 22 56.4375 2.5653 79.5256 14.73 
Total 31 539.9688 17.4183 

Figure 17. ANOVA Table for Brown Coil 60°Gloss 
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Step 9 
Once the significance of the individual treatments is understood, it is appropriate to 
decide which input variables are important. Significance involves a statistical exercise. 
Importance is a human judgment exercise and often depends on other sources of data 
beyond the scope the experiment. For instance, in this experiment, a 20% difference in 
irradiance resulted in a difference in mean Yellowness Index of about three units (21.5 
at -10% to 24.5 at +10%). In some type of end-uses, this magnitude of difference may 
cause great user consequences, including formulation and/or process changes. In other 
end-uses, this magnitude of difference might not be important to the end-use at all. 
Prior to beginning this study, the end-user of these polystyrene chips was interviewed 
regarding criteria for importance. The customer identified differences exceeding 
approximately two Delta Yellowness Index units at this experimental level to be 
important. Similar justification was used for determining the importance for Brown 
Coil color and gloss. Based on this information, the significant and important 
information can be completed as shown in Figures 18, 19 and 20. 

Variables Tested That Are 
Insignificant 

Variables Tested That Are 
Significant But 
Unimportant 

Variables Tested That Are 
Significant And 

Important 
1. Temperature 1. Daytime Spray 1. Nighttime Soak 
2. Oven Pretreatment 2. Soak - Freeze - Thaw 

Pretreat 
2. Abrasion 

3. Chemical Pretreatment 3. High UV Pretreatment 
4. Irradiance 

Figure 18. Summary Results for Polystyrene Delta Yellowness Index 

Variables Tested That Are 
Insignificant 

Variables Tested That Are 
Significant But 
Unimportant 

Variables Tested That Are 
Significant And 

Important 
1. Temperature 1. Irradiance 1. Nighttime Soak 
2. Oven Pretreatment 2. High UV Pretreatment 
3. Soak - Freeze - Thaw 
Pretreat 
4. Chemical Pretreatment 
5. Daytime Spray 
6. Abrasion Pretreatment 

Figure 19. Summary Results for Brown Coil Delta L * 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

00
4

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



86 

Variables Tested That Are 
Insignificant 

Variables Tested That Are 
Significant But 
Unimportant 

Variables Tested That Are 
Significant And 

Important 
1. Daytime Spray 1. High UV Pretreatment 1. Soak - Freeze - Thaw 

Pretreat 
2. Oven Pretreatment 2. Temperature 
3. Abrasion 3. Irradiance 
4. Chemical Pretreatment 
5. Soak - Freeze - Thaw 
Pretreat 

Figure 20. Summary Results for Brown Coil Delta 60 ° Gloss 

Step 10 
Confirmation trials should always be conducted in conjunction with fractional 
factorial screening experiments. Confirmation trials should also be considered as a 
critical part of the screening experiment. This is especially important if high levels of 
input variable saturation are designed into the orthogonal array and where significant 
interactions are identified between several input variables. Only confirmation trials 
can decode alias characteristic of the fractional array. Two confirmation trials were 
conducted with input variables set as shown in Figure 21. 

Confirmation Trials: 
#1 - Least Degradation Predicted #2 - Most Degradation Predicted 
• No Nighttime Soak • With Nighttime Soak 
• No Abrasion Pretreatment • With Abrasion Pretreatment 
• No Soak Freeze Thaw 

Pretreatment 
• With Soak Freeze Thaw 

Pretreatment 
• Low Irradiance • High Irradiance 
• With High UV Pretreatment • No High UV Pretreatment 

Figure 21. Confirmation Trials 

The remaining variables investigated in the screening experiment that were identified 
as not important or not significant were set to optimal levels for cost for both trials as 
shown in Figure 22. 
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Confirmation Trials: 
Variables optimized for cost 

• Low Temperature Exposure 
• No Oven Pretreatment 
• No Chemical Pretreatment 
• No Daytime Spray 

Figure 22. Confirmation Trials Optimized for Cost 

These confirmation trials were then conducted for polystyrene. The data obtained was 
compared to the screening experiment results. The confirmation trials at 220 MJ/mA2 
UV dose compared directly with the predictions made in the original screening 
experiment for polystyrene. From this confirmation trial it was concluded that no 
hidden interactions, confounds or aliases were operating in the original screening 
experiment. Follow-on efforts can now be focused on those variables the weathering 
process has indicated are significant and important. Confirmation trials for the brown 
coil will be analyzed after publication of this paper. 

Summary 

There has been an evolution in the sophistication of experimental designs for 
weathering tests. The vast majority of current weathering exposures utilize more 
fundamental designs effecting few variables. This type of experimental design 
requires far more trials and thus more cost, less information, and poorer quality than 
more sophisticated approaches using screening fractional factorial experiments. 
Preceding fundamental level, few variable weathering trials with fractional factorial 
screening and confirmation experiments represent an efficient, stochastic, powerful 
approach for improving knowledge regarding weathering's η-dimensional hyper-
volume of environmental effects on materials degradation. 
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Chapter 5 

Data Management and a Spectral Solar UV Network 

Lawrence J. Kaetzel 

K-Systems, 1805 Rohreraville Road, Brownsville, MD 21715 

Quantitative data of known precision and accuracy are essential for 
characterizing the weather factors causing polymeric construction 
materials exposed in the field to degrade. One such factor is solar 
spectral ultraviolet radiation. A small solar spectral ultraviolet 
radiation network has been established by the National Institute of 
Standards and Technology and the Smithsonian Environmental 
Research Center to provide this data. This network serves another, 
equally important function, in that it provides an opportunity to 
perfect the network's data management system. Hugh volumes of 
data are collected and an efficient data management system is 
needed to handle this large volume of data. This paper describes the 
data management system including data acquisition, cataloguing, 
processing, storage, retrieval and analysis. 

Introduction 

Solar ultraviolet (UV) radiation, along with other weather factors, has long been 
identified by the scientific community as causing the weathering of polymeric 
construction materials. The solar ultraviolet radiation reaching the Earth's surface 
falls between 290 nm and 400 nm and, by convention radiation, ultraviolet radiation 
between 290 nm and 315 nm is referred to as UV-B ultraviolet radiation while 
ultraviolet radiation falling between 315 nm and 400 nm is referred to as UV-A 
ultraviolet radiation. UV-B radiation is much more photolytically active than is UV-
C radiation. At present, only a few sites throughout the US are equipped with solar 
ultraviolet radiometers and even fewer are equipped with solar spectral ultraviolet 
radiometers. One such network is the National Institute of Standards (NIST) and 
Technology and the Smithsonian Environmental Research Center (SERC) solar 

© 2002 American Chemical Society 89 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

00
5

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



90 

spectral UV-B network (hereinafter called the NIST/SERC UV-B network). This 
network is small, consisting of 4 sites, and monitors the photolytically active spectral 
UV-B component of solar radiation and these monitoring sites are the only ones 
located at sites that polymeric construction materials are also being weathered. 

The current NIST/SERC UV-B network is an ideal size for perfecting the 
networks data management system, the heart and soul of the network. The data 
management system manages, catalogues, processes, stores, retrieves, and analyzes 
the volumes upon volumes data collected at each site and integrates the collected 
knowledge between the sites. For logistical reasons, it is much easier to master the 
data management tasks on a small-scale network than it is to tackle the volumes of 
data generated by a larger network. 

Data Requirements for the NIST Solar UV Data Network 

First and foremost, the NIST Solar UV Data Network has been established to 
provide relevant and value added scientific data for predicting service life of polymer 
coatings. The network conforms to guidelines established by the NIST, Standard 
Reference Data Program (SRDP) [7]. Support for establishing the data network is 
provided by the SRDP. As with other solar UV data networks, the NIST Solar 
Spectral UV Data Network relies on a specific instrument for measuring the solar UV 
radiation flux. An 18 channel scanning spectral radiometer (SRI 8) developed by the 
Smithsonian Environmental Research Center (SERC) is used. The instrument 
measures solar UV-B radiation in the 280-324 nm range. Eighteen interference filters 
are used at 2nm nominal bandwidth. Intercomparison tests conducted by the National 
Institute of Standards and Technology, Optical Technology Division on "The 1995 
North American Interagency Intercomparison of Ultraviolet Monitoring 
Spectroradiometers" and reported in the NIST Journal of Research [8] revealed the 
high level of accuracy of the SRI 8 instrument. This aspect was important and ensured 
data traceable to NIST. In addition to SRI 8 measurements, additional weather 
parameters were identified and used for service life prediction computer models. 
They include ambient temperature, ambient relative humidity, wind speed, 
precipitation, and sky temperature. Table 1 summarizes the environmental data 
elements that are represented in the NIST Solar UV-B Data Network. 

Additional information is stored in the database that helps in characterizing 
the exposure site. This information includes site management, and site location 
(latitude, longitude, and elevation). 

Data Network Operation and Quality Control 

Electronic communication of data is emphasized throughout the data 
network. A strong line of communication is maintained through the use of Internet 
facilities. These include message communication between network management at 
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Table 1: NIST Solar UV-B data network data elements 

Data element Unit 
Solar radiation W/m2 

Ambient temperature °C 
Wind speed m/s 
Ambient relative humidity % 
Sky temperature °C 
Precipitation Cm 

NIST and SERC and site managers. Currently, there are 4 data acquisition sites 
operational on the network. Figure 1 shows their locations. 

Figure 1: Existing NIST Solar UV data network sites. 

Each remote data site is equipped with a data acquisition computer, a SRI 8 
instrument, and computer software and communications capability. Data is acquired 
from the SRI8 at 1 minute intervals; stored locally on the data acquisition computer; 
then periodically transmitted to the SERC for processing. SRI 8 instruments are 
rotated on a quarterly basis for calibration and data analysis. NIST host computers are 
used for network messaging and data storage. Figure 2 shows a configuration of the 
data network and its communications capabilities. 
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Figure 2: Data network configuration and communication. 

SERC personnel are responsible for instrument service, calibration and data 
processing. Data Processing involves transmitting the acquired SRI 8 data, applying 
the calibration constants and producing a final archive data set. The finalized data 
sets are represented by 12 minutes averages in W/m2. The last step in creating the 
archival database involves reformatting and storage in a data management system 
maintained at NIST. Figure 3 shows the processing steps. 

Data Distribution 

Distribution of the NIST Solar UV data is accomplished by writing CD-
ROM disks and through the use of the Internet World Wide Web. Information 
technology now provides an efficient means for providing Internet access to scientific 
data and this method will be used exclusively in the future. Data from the network is 
provided initially to members of the NIST/Industry/University then, after 2 years, this 
data will be released to the public. An Internet World Wide Web site has been 
created as a prototype for data distribution [9]. Figure 4 shows a display of the home 
page for the site. The site's contents include: 
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Figure 3: SRI8 data processing steps. 

• Network information 
• Data sets 
• Data analysis software 
• Site information 
• Events 
• Published literature 
• Links to other relevant Internet sites 

A component of the "Data" content is a data dictionary. The data dictionary is 
intended to provide the data consumer with information on the data tables, data 
elements, units of measure that are contained in the database. In addition to data 
elements, summary data are included in the database. These take the form of yearly 
averages for temperature, and total solar UV-B for specific sites. Figures 5, shows an 
example of the database tables and data elements. Figures 6, and 7 show examples of 
the data database summaries. 

The Importance of Data Sharing 

The fundamental design of the NIST Solar UV-B data network promotes 
future data sharing. By providing information on database design and quality control 
measures in data collection and data analysis, increased application of the data sets 
should result. It will be possible to better characterize exposure sites and improve the 
integration of the data sets. Also, as the data repository grows in depth and breadth, it 
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Figure 4: Display of the NIST Solar UV-B data network home page. 

will be possible to mine (retrieve relevant data based on known or unknown criteria). 
Examples of this type of data query are already being used in the semiconductor and 
health sectors through a process defined as "data mining." However, unless a 
consensus is reached on data formats, data collection procedures, data applications 
and data analysis by industry and other interested parties, these data sets will find little 
use beyond that of the originator of the data." A suggested model that summarizes the 
data sharing-data integration process is shown in figure 8. It is realized that there may 
be different views of data (e.g., public or private). It is also anticipated that an 
evolution will occur, beginning with data (e.g., experimental data sets—x/y pairs). 
From this data, information will develop (e.g., published information that forms a 
context—organized by site location or time period). Lastly, knowledge will be 
developed. Knowledge represents the highest level, where rules can be expressed. 
Rules are derived from known facts, such as those that link coating material properties 
and performance with conditions and effects (e.g., environmental factors). 
Knowledge then becomes an improved element for high-level decision support 
systems used by product manufactures and users. 
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Figure 5: Example of database tables and data elements. 

Figure 6: Summary data of y early average ambient temperature. 
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Figure 7: Summary data for daily irradiance. 

Future Network Expansion and improvements 

Expanded capabilities involving the NIST Solar UV-B data network will 
focus on an expansion of field sites, improved and more automated data collection and 
processing, and improvements to the data access capabilities of the Internet World 
Wide Web site. These capabilities will be implemented during the 2000-2001 
timeframe. Additional SRI 8 instruments currently in operation at U.S. Department of 
Agriculture field sites will be included as well as a site at the Forest Products 
Laboratory in Madison, Wisconsin. This expands the coverage and provides a more 
comprehensive data repository. Improvements to the World Wide Web site will 
include improved query capabilities for remote site data and interactive graphics 
capabilities to allow summary and processed data to be displayed in graphical form, at 
the user's desktop. Improved computing resources will include a more powerful 
database management system and intuitive user interface, use of the NIST SRDP data 
server, and improved security features. 
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Figure 8: Model for data sharing—data integration. 

Summary 

This paper has presented an overview of the design, data management, and 
data resources for the NIST Solar UV-B data network. It is has described critical 
components used in establishing a data repository to aid researchers, product 
manufacturers, and product users in determining the service life for polymer coatings. 
An attempt has been made to describe the importance of publishing database design, 
providing easy access, and features of quality control for scientific data. Adoption of 
these methods by the service life community should improve the access and 
understanding of relevant data and improve the performance of coating materials. 
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Chapter 6 

Use of Uniformly Distributed Concentrated Sunlight 
for Highly Accelerated Testing of Coatings 

Gary Jorgensen1, Carl Bingham1, David King1, Al Lewandowski1, 
Judy Netter1, Kent Terwilliger1, and Karlis Adamsons2 

1National Renewable Energy Laboratory, 1617 Cole Boulevard, Golden, CO 80401 
2Marshall Research and Development Laboratory, DuPont Performance Coatings, 

3401 Grays Ferry Avenue, Philadelphia, PA 19146 

NREL has developed a new ultraviolet (UV) light concentrator that 
allows material samples to be subjected to uniform intensity levels 
of 50-100X solar UV at closely controlled sample exposure 
temperatures. In collaboration with industry, representative coating 
systems have been exposed without introducing unrealistic 
degradation mechanisms. Furthermore, correlations have been 
derived between these highly accelerated test conditions and results 
obtained at 1-2 suns. Such information is used to predict the 
degradation of materials in real-world applications. These 
predictions are compared with measured in-service performance 
losses to validate the approach. This allows valuable information to 
be obtained in greatly reduced timeframes, which can provide 
tremendous competitive advantage in the commercial marketplace. 

As the performance and durability of new materials improve, the needs of the 
coatings industry for facilities that provide realistic expectations for in-use exposure 
testing of their products become increasingly stringent. An urgency exists to greatly 
extend the service lifetime requirements of decorative and protective coatings for the 
automotive industry. These businesses simply cannot afford to wait for prolonged 
periods of time to directly measure product lifetimes or to risk, without 
substantiating data, providing the warranties demanded by consumers. For example, 
there is tremendous competitive pressure to increase the present 5-year warranties 
associated with 19-month design-to-production cycle times to 10-year warranties 
based on a 16-month cycle time. To expedite commercialization, life projections 

100 © 2002 American Chemical Society 
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must be made in abbreviated time frames; this necessitates using accelerated 
exposure test (ΑΕΊ) results to allow transformation from life at accelerated stress to 
life at in-service stress conditions. One of the harshest outdoor stresses these 
products must withstand is exposure to ultraviolet (UV) radiation contained in 
terrestrial sunlight. 

The National Renewable Energy Laboratory (NREL) has previously 
demonstrated the ability to expose organic materials (back-metallized polymeric 
films) to very high levels of solar UV (7). Recently, NREL has developed a new UV 
concentrator system that is less complicated and more amenable to future 
commercialization. Using this device, material samples can be exposed to uniform 
intensity levels of 50-100 times (X) the terrestrial solar UV contained between 290-
385 nm. To demonstrate the viability of this process, DuPont provided the 
characterization of appropriate response variables and a series of representative 
coating samples for AET at NREL's UV concentrator facility. Relevant 
environmental stresses were identified and incorporated into models that relate 
multivariate damage functions to the physical and/or chemical nature of the 
dominant failure mechanisms experienced by the samples. These models allowed 
correlations to be made between the service lifetime (SL) at accelerated stress and 
the SL at in-service stress conditions. AET that simulates reality (i.e., that does not 
introduce failure mechanisms that are not encountered in actual service) was then 
used to predict SL. 

Experimental 

UV Concentrator 

NREL's UV concentrator is shown schematically in Figure 1. It consists of an 
array of faceted mirrors that tracks the sun in two axes and redirects sunlight back to 
a sample exposure chamber attached by three structural support tubes. The 
concentrator is designed to provide up to 100X concentration having uniform flux at 
high UV intensity and low visible (VIS) and near-infrared (NIR) intensity. This is 
achieved by coating the facets with a custom-designed 37-layer film that uses 
alternating high and low refractive index materials that results in high UV 
reflectance and low VIS/NIR reflectance. 

The spectral irradiance at the sample exposure plane is presented in Figure 2. 
The solid line is the concentrated solar intensity as measured by an Ocean Optics 
SpectraScope fiberoptic spectral radiometer. The dashed curve is an American 
Society for Testing and Materials (ASTM) direct normal terrestrial air-mass 1.5 
solar spectrum (2) multiplied by a factor of 100. Excellent agreement between the 
measured spectral irradiance and 100 times the ASTM standard is evident 
throughout the UV bandwidth (300-400 nm). A steep cutoff at about 475 nm greatly 
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Figure 1. Schematic of UV concentrator. 
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120 

Wavelength (ηm) 

Figure 2. Spectral irradiance at sample exposure plane. 
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facilitates thermal control of samples during exposure. The area between the two 
curves in the visible and NIR portions of the spectrum represents avoided thermal 
loading. 

The concentrator uses a close-packed array of 18 hexagonal facets, with their 
centers located on a near-parabolic surface. Each of the facets has a spherical 
curvature with a focal length of 150 cm and an outer diameter (across the vertexes) 
of 28 cm. The diameter of the effective aperture of the faceted dish is roughly 1.3 m. 
Individual facets are aimed at a single point in the target plane that is located at a 
fraction of the nominal focal length. This aiming strategy results in partially 
concentrated images of the facets and allows a wide range of nearly uniform 
concentration levels to be achieved by varying the number of facets and target 
distance. At 100X concentration the target image is a hexagon with an area of about 
87 cm2. This can conveniently accommodate sixteen samples that are each 2-cm χ 2-
cm in size. The various dimensions of the concentrator system can be scaled to allow 
increased sample exposure areas. 

The flux profile was measured using NREL's BEAMCODE characterization 
system (a product of Coherent Inc.). A solid state array video camera is focused on a 
near-Lambertian target plate placed at the sample exposure plane. Grey scale images 
are captured to a computer frame grab board that interfaces with the BEAMCODE 
software package for flux distribution analysis. Results are shown in Figure 3. The 
shadows cast by the support tubing on the facets are clearly seen, but the impact on 
the uniformity is only 4% in the center and less than 2% in the shadows. These tubes 
also provide inlet and outlet cooling water lines and a vacuum line to the sample 
chamber. 

Sample Exposure Chamber 

The sample chamber was constructed from a 2.5-cm thick block of copper 
because of its excellent thermal conductivity properties. Details of the chamber are 
shown schematically in Figure 4. Six 0.64-cm diameter serpentine channels were 
machined near the top surface of the copper block to allow circulation of cooling 
water, thereby providing conductive cooling to samples being exposed. A grid of 
vacuum holes was used to hold the samples in good thermal contact with the copper 
substrate and to keep the samples in place during exposure while tracking. To 
accomplish this, 0.64-cm diameter vacuum lines were machined orthogonal to the 
water cooling channels in the lower half (near the bottom surface) of the copper 
block, along with a 0.95-cm diameter vacuum manifold channel. A grid of 0.16-cm 
diameter holes was drilled from the top surface to intersect the vacuum lines to 
deliver a vacuum pull on the backside of samples to be exposed. The copper block 
was also machined to accommodate fiber probes to allow real-time monitoring of 
spectral irradiance experienced by samples being exposed. 

The ability of this sample chamber arrangement to control sample temperature 
during UV exposure at 100X was demonstrated. While exposed to full power "on-
sun" conditions (100X), the capacity of chilling water delivered to the chamber was 
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Figure 3. Distribution of UV flux at sample exposure plane. 

D
ow

nl
oa

de
d 

by
 O

H
IO

 S
T

A
T

E
 U

N
IV

 L
IB

R
A

R
IE

S 
on

 S
ep

te
m

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

00
6

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



106 

capable of maintaining the surface of the copper block at 12°C. Test samples had the 
construction: bilayer paint coating / metal substrate, where the bilayer coating was a 
clearcoat over either a black or white pigmented paint basecoat and the metal 
substrate was 0.1-cm thick steel. The surface temperature of exposed samples was 
measured using an infrared (IR) camera (Mikron Instrument Company, Inc., Thermo 
Tracer TH1100) and a hand held surface thermocouple probe (Omega HPS-HT-K-
12-SMP-M). The surface probe was used to calibrate the emissivity setting of the IR 
camera. A value of 0.92 gave good agreement between the two temperature 
measurements for both black and white painted samples. At 100X exposure with 
maximum cooling, surface temperatures ranged between 18°C and 26°C for white 
and black samples, respectively. With the chilling water turned off, sample 
temperatures reached 38°C (white) to 52°C (black). These maximum temperatures 
were within the targets/set-points specified by DuPont. 

Measurement of UV Exposure 

During exposure testing of candidate coating samples, UV irradiance was 
continually monitored by two pyranometers: an EKO MS-210W UV-B pyranometer 
(sensitive to light between 285-315 nm) and an Eppley TUVR pyranometer 
(sensitive to light between 290-385 nm). These instruments were integrally mounted 
to the UV concentrator so that they tracked the sun during material exposures. They 
were equipped with occulting tubes to allow only the direct portion of the solar 
spectrum (i.e., that part of the solar spectrum imaged by the UV concentrator) to be 
measured. Both pyranometers were periodically calibrated by using an Optronic OL-
754 spectral radiometer that measured only the direct solar irradiance. These 
calibrations indicated agreement with the pyranometers to within 10%. From the 
one-sun direct irradiance data and knowledge of the concentrating properties of the 
UV concentrator, all the information needed to fully characterize the UV exposure of 
tested samples was provided. 

Sample Exposures 

Four sets of samples were provided for accelerated light exposure testing at 
NREL's UV concentrator facility. DuPont had previously accumulated considerable 
testing acumen with these sample types exposed in an Atlas Ci-65 WeatherOmeter® 
(WOM). This chamber uses an artificial xenon arc light source with borosilicate 
inner and outer filters. The typical spectral irradiance experienced by the samples is 
shown in Figure 5; a very close match (i.e., IX) to an air-mass 1.5 terrestrial solar 
spectrum is evident throughout the UV region. During Ci-65 exposure, samples were 
subjected to conditions specified in Society of Automotive Engineers Standard J-
1960 (3). A 3-hour cycle was used during which the light was on for 2 hours (40 
minutes of light; 20 minutes of light with front specimen water spray; and 60 
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Vacuum 

Outlet cooling 
water line 

Figure 4. Schematic of sample chamber. 

W a v e l e n g t h (nm) 

Figure 5. Spectral irradiance of Ci-65 exposure chamber vs. global air-
mass 1.5 terrestrial solar spectrum. 
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minutes of light) with a sample temperature of 70°C, and the light was off for one 
hour with a sample temperature of 38°C. 

The sample sets consisted of 16 types of bilayer paint systems (clear coat/colored 
basecoat) on steel substrates. Samples were 2-cm χ 2-cm in size and 0.1-cm thick. 
The acrylic polyol clearcoats were fortified with various levels of UV absorbers 
(UVA) and hindered amine light stabilizers (HALS) as indicated in Table I. 

Table L Coating Samples Tested 

DuPont 
Coating 
System 

Coating Description 
UVA% 
(100%= 

Standard) 

HALS % 
(100% = 
Standard) 

1.1 Acrylic Polyol / Melamine Crosslinked 100 100 
1.2 Acrylic Polyol / Melamine Crosslinked 100 75 
1.3 Acrylic Polyol / Melamine Crosslinked 100 50 
1.4 Acrylic Polyol / Melamine Crosslinked 100 25 
5.4 Acrylic Polyol / Melamine Crosslinked 100 0 
5.3 Acrylic Polyol / Melamine Crosslinked 80 0 
5.2 Acrylic Polyol / Melamine Crosslinked 65 0 
5.1 Acrylic Polyol / Melamine Crosslinked 16 0 
7.3 Acrylic Polyol / Melamine & Silane 

Crosslinked 
100 100 

7.1 Acrylic Polyol / Melamine & Silane 
Crosslinked 

100 0 

7.2 Acrylic Polyol / Melamine & Silane 
Crosslinked 

0 100 

7.4 Acrylic Polyol / Melamine & Silane 
Crosslinked 

0 0 

Comm-
OEM" 

Acrylic Polyol / Melamine Crosslinked N/A N/A 

Exp#l* Acrylic Polyol / Modified Isocyanate 
Crosslinked 

N/A N/A 

Comm-Ref Acrylic Polyol / Isocyanate Crosslinked 100 100 
Exp #2" Acrylic Polyol / Isocyanate Crosslinked N/A N/A 

Commercial OEM product 
^Experimental product 
Commercial refinish product 

At NREL, two experiments were performed, one each at 50 suns and 100 suns 
UV exposure. A complete set of sixteen samples was exposed each time. Both of 
these experiments were continued until a cumulative UV-B dose equivalent to 2-3 
years outdoor exposure in Miami, FL, was reached. During UV concentrator 
exposure, humidity was not controlled (ambient levels were -30%) and sample 
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temperatures were targeted to be between 40-50°C; the actual exposure temperatures 
are given in Table Π, along with other details from the accelerated sunlight and Ci-
65 tests. To simulate moisture conditions experienced during Ci-65 exposures, 
samples were exposed in a Q-Panel Lab Products QUV chamber (4) whenever they 
were not on-sun. The cycle profile was 4 hours with the lights on but blocked (i.e., 
the samples saw no additional light) at 40°C and 87% relative humidity, and 4 hours 
with the lights off at 40°C and 97% relative humidity (to allow water to condense on 
the surface of the samples). At the end of each experiment, NREL and DuPont 
performed various analytical characterizations. These results allowed us to 
demonstrate a correlation between our 50X and 100X exposures and the IX 
exposures in the Ci-65 chamber. 

Table Π. Sample Exposure Conditions 

Exposure Chamber Sunlight Cumulative Cumulative Temperature 
Intensity UV-B Total UV (°Q 

(MJ/m2) (MJ/m2) 
Ci-65 IX 16.80 372.4 70±2 
UV Concentrator 50X 11.25 306.0 42±5 
UV Concentrator 100X 12.77 396.5 52±5 

Analysis 

To obtain correlations between in-use and accelerated exposure results, a 
suitable material-specific damage function model must be found that accurately 
relates changes in an appropriate response variable to relevant applied 
environmental stresses. The response variable can be either microscopic (e.g., 
changes in chemical structure) or macroscopic (e.g., loss of gloss), but ideally should 
be easily measured and directly related to an important property of the material being 
tested. For the types of coatings being investigated, a number of useful response 
variables have been suggested (J). 

Coatings are known to be susceptible to degradation caused by cumulative light 
dosage (D) exposure (6): 

t 
D(t)~jL(t)dt (1) 

ο 
where L(t) is the time-dependent incident spectral irradiance, I(X,t), convoluted with 
the absorption spectra of the material being exposed, a(X,t), and the quantum 
efficiency of the absorbed photons to propagate reactions that are harmful to the 
coating, φ(λ,ΐ), integrated over an appropriate bandwidth (defined by λπΰη and λ ^ ) 
throughout which light-induced damage occurs: 
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Ut)= ^(λ,ί)α(λ,ϊ)φ(λ,1)άλ (2) 

In previous work (i, 7) with organic materials (back-metallized polymeric films), we 
have obtained useful results by approximating the absorption spectra and quantum 
efficiency as constants in eq 2 and defining: 

Km 
Iuv(t)= Jl(4t)cU (3) 

with λ π ώ ι = 285 nm andA<max= 315 nm (for UV-B) or Xm i n= 290 nm and λ π 1 β χ = 385 
nm (for total UV). For constant (controlled) irradiance, this leads to an approximate 
generalized cumulative dosage model in which the loss in performance, ΔΡ, (change 
in response variable) with time is proportional to a power law expression of the 
ultraviolet irradiance Iuv (8,9): 

To account for thermal effects, an Arrhenius term can be included and the change in 
performance after the intime interval is: 

àP^A^fàt^-^ (5) 
where Τ is the temperature (K) experienced by samples during exposure, k is 
Boltzmann's constant, and Ε is an activation energy. For constant accelerated 
stresses, Iuv and Τ are known; this allows eq 5 to be fit to measured values of ΔΡ» 
and subsequent determination of the coefficients A, E, and n. For variable real-world 
stresses, the time dependent form eq 5 must be used: 

Δ Κ Ο ' Α / ^ ^ β - ^ ) * (6) 
0 

Having determined the relevant coefficients from AET's performed at constant 
stresses, eq 6 can be used to compute a predicted loss in performance after some time 
t where the relevant stresses are monitored; these predicted values can then be 
compared with actual measured values. 

Results 

The various coating systems were characterized by transmission mode FITR 
analysis as a function of cumulative UV dose exposure. A skiving technique was 
used in sampling the top -3-4 microns of a given specimen. This technique is not 
readily suitable to obtaining thinner cross sections; attempts often result in 
shredding. Low temperature sectioning procedures introduce additional 
complications in terms of sample handling. The skiving approach was used to plane 
a thin layer of material from the surface of each clearcoat. In previous work, this has 
proven to be quite acceptable to allow coating degradation mechanisms and kinetics 
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to be studied. Samples were characterized in transmission mode using a Nicolet 
Magna IR Model 760 spectrophotometer equipped with a Nicolet Nie-Plan JR 
microscope. Typical results are shown in Figure 6. Spectra were normalized to the 
same absorbance scale. Although changes in the various bands of interest are small, 
they can be easily discerned using Nicolet OMNIC software. The key to this process 
is to have accurate baseline correction measurements prior to determination of 
envelope areas. 

Samples were also analyzed with atomic force microscopy (AFM) before and 
after exposure. The AFM images of the exposed and unexposed samples are quite 
different; at a 2μ χ 2μ scan the weathered sample appears to have much more micro 
surface topography than does the unexposed sample. The macro roughness of the 
coating is preserved, as evidenced by large irregularities and holes in the coating. 
The visible changes in the topography resulting from exposure are represented by an 
increase in the root mean square surface roughness from 33 to about 50 angstroms. 
This increase in roughness is likely representative of surface material that ablates 
away as the polymer system decomposes as a function of the accelerated weathering 
process. 

The chemical changes, detected with FTIR, that occur in the organic films as a 
function of accelerated exposure testing are representative of bulk rather than surface 
photochemical reactions. This is true because the FTIR sampling depth into the 
coating is on the order of microns, which is much deeper than the surface roughness 
of the films. Because no analysis technique was used to sample and determine 
surface chemistry on the order of 5 nm, it is difficult to ascertain the true chemistry 
precisely at the surface. Although XPS allows the binding energy envelopes for 
oxygen or carbon (or other appropriate elements) to be monitored in the top 4 nm of 
the surface, deconvolution of the XPS spectra and assignment of specific 
functionality has been difficult. TOF SIMS has been tried with isotope substitution 
(0-18 for 0-16) with some success, but results are difficult to interpret and quantify. 
The need for improved surface-specific techniques to follow photo-
oxidation/hydrolysis reactions remains evident. However, we have found that the 
FTIR results are consistent with typical changes associated with weathering these 
materials at much lower acceleration factors. 

Based on previous experience with these types of materials (10,11), a specific 
photo-oxidation index was chosen as the appropriate response variable. This index is 
calculated from FTIR data as the [OH,NH,COOH] envelope peak area (between 
3200-3600 cm"1) normalized for thickness by the [CH] envelope peak area (between 
2800-3000 cm"1). ΔΡ is then defined as the change (difference) between this ratio at 
any time t and the unweathered (t=0) value. Any number of degradation processes 
may contribute to ΔΡ (photo-oxidation, hydrolysis, etc.). Close inspection of the 
relevant peaks of the FTIR spectra revealed that hydrolysis did not significantly 
contribute to ΔΡ for the coatings tested. If hydrolysis was important, a generalized 
Eyring form of eq 5 could have been used to account for the effect of moisture (7). 
For samples exposed in the Ci-65 and the UV concentrator, measured values of ΔΡι 
are available for various levels of cumulative dose and sample temperature exposures 
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Figure 6. Relative FTIR absorbance of coating system 5.4 as a function 
of cumulative UVdose. 
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(70°C at IX in the Ci-65 and 42°C at 50X and 52°C at 100X in the UV 
concentrator). Eq 5 was fit to these data to determine the model coefficients. 
Representative results for system 5.4 are presented in Figure 7. Here, the predicted 
change in photo-oxidation index is plotted vs. measured values for samples subjected 
to three levels of temperature and light intensity. Additional data at 50X and 100X 
are desirable but require future longer-term exposures. The validity of the model is 
indicated by the fact that a straight line having a near-unity slope can represent all of 
the data. Similar results were obtained for other coating systems and are summarized 
in Table ΙΠ. 

Table HL Coefficients Derived for Representative Bilayer Coating Samples 

DuPont System A η Ε (kcal/mole-K) 
1.2 6.513 0.667 3.878 
5.4 750.92 0.635 6.781 
7.1 370.51 0.706 6.523 

Values of activation energies (E) derived (4-7 kcal/mole-K) are reasonable for 
photo-thermally driven degradation mechanisms. The values of η (--0.67) imply that 
exposure to 50-100X light intensities had a net effect of only 15-25X, suggesting that 
some shielding or rate limiting reactions occur that do not allow all photons to 
participate in degradation. 

To fully substantiate our contention that exposure of coatings at highly 
accelerated levels of light can produce useful and realistic results, it would be 
desirable to have measured values of APi for samples of these coatings exposed 
outdoors where the time dependent stress variables are known. Then, eq 6 could be 
used to predict APi for comparison with measured data. Unfortunately, such data are 
not available. However, NREL has a durability testing program that includes outdoor 
exposure (with carefully monitored radiometric and meteorological conditions) for 
another organic-based type of material, namely, samples of bulk transparent 
polymers. 

Two types of sheet (0.32-cm thick) glazing materials have been tested at a 
variety of outdoor exposure test (OET) sites; these include polyvinyl chloride (PVC) 
and a UV-stabilized polycarbonate (PC). These materials have also been exposed 
(12) in an Atlas Ci-5000 WOM having a UV intensity of about 2X (at 60°C for both 
the PC and PVC) compared to typical outdoor terrestrial levels, and at 50X (42°C for 
the PC and 25°C for the PVC) and 100X (48°C for the PC and 35°C for the PVC) in 
our UV concentrator. The response variable was chosen to be hemispherical 
transmittance between 400-500 nm because, in general, that is the spectral region 
most sensitive to stress exposure induced loss in performance (Figure 8). The same 
damage functions expressed in eqs 5 and 6 were assumed. Data from the Ci-5000 
and the UV concentrator exposures of the polymer glazings were used to fit eq 5 and 
to obtain the model coefficients corresponding to these materials; the results are 
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given in Table IV. As with the DuPont coatings, the derived activation energies are 
not unreasonable. The value of η for PVC was similar to that found for the DuPont 
coating systems. For the UV-stabilized PC sample, a value of n=l suggests that 
exposure of this material follows strict reciprocity even up to 100X; all incident 
photons fully contribute to degradation reactions that proceed at twice the rate 
undergone at 50X exposure and 50 times the rate experienced at 2X exposure. 

Table IV. Coefficients Derived for Representative Clear Polymer Sheet Samples 

Polymer Sheet A η Ε (kcal/mole-K) 
Polyvinyl Chloride 2892 0.669 8.440 
UV-Stabilized Polycarbonate 5.497 1.093 6.688 

Using the coefficients from Table IV and time-monitored values of sample 
temperature and UV irradiance, the loss in performance was predicted using eq 6 for 
both PVC and PC as exposed outdoors in Golden, CO, and Phoenix, AZ. Predicted 
values were then compared with actual measured data for these materials exposed at 
these sites. The results are presented in Figure 9. Time-dependent changes in 
weathering variables produce the irregular shapes of the predicted curves. Excellent 
agreement is evident between the measured and predicted data, thereby validating 
the ability to expose samples at very high light levels, our approach to data analysis 
(using accelerated test results to obtain model coefficients, and then the use of these 
coefficients to predict time-variable real-world degradation), and the assumed 
damage function model. 

Conclusions 

Correlation between highly accelerated levels (50-100X) of UV light intensity 
and in-use levels (~1X) has a number of significant implications. First, these 
materials can be tested at ultra-accelerated intensities without introducing unrealistic 
degradation mechanisms. This is an impressive result because the conventional 
wisdom has been that organic coatings could not be realistically and confidently 
tested at more than about 10 suns because of difficulties associated with adequately 
controlling sample temperature. Consequently, very abbreviated testing times can be 
substituted for long-time exposures at low intensity levels. This will allow much 
shorter development cycle times for new products; manufacturers will not be forced 
to wait months or years to ascertain if prospective coating systems will exhibit 
adequate durability. This will provide a vital competitive advantage to such 
manufacturers and will result in greatly improved new products. 
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Figure 8. Spectral change in transmittance with UV exposure for UV-stabilized PC. 
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between 400-500 nm for two polymeric materials at two outdoor 
exposure sites. 
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Chapter 7 

Laboratory Apparatus and Cumulative Damage 
Model for Linking Field and Laboratory 

Exposure Results 
Jonathan W. Martin, Tinh Nguyen, Eric Byrd, Brian Dickens, 

and Ned Embree 

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

A laboratory apparatus and a cumulative damage model are 
described for linking field and laboratory photodegradation results 
for polymeric materials. The apparatus is capable of independently 
and precisely controlling or monitoring the three primary 
weathering factors in both space and time. These factors are 
temperature, relative humidity, and spectral ultraviolet radiation. 
Linkage between field and laboratory results will be made through 
measurements of dose, dosage, and material damage. These 
measurements are input into the model to estimate the apparent 
spectral quantum yield and the total effective dosage for a model 
acrylic melamine coating. The model coating was exposed at 
twelve different spectral wavebands over a wide range of 
temperatures and relative humidities. Variables affecting the 
accuracy of the measurements are discussed. 

Introduction 

This paper describes a laboratory apparatus and a cumulative damage model, 
called the total effective dosage model, for use in linking field and laboratory 
photodegradation results for polymeric materials. This model has gained widespread 
acceptance in medical and biological studies since the mid-1900s (1,2). The total 
effective dosage model has a firm basis in the principles of photochemistry, including 
the Lambert-Beer law, the photochemical law, the reciprocity law and the spectral-
independence-of-damage assumption, often called the law of additivity (3). This 
model differs from generally accepted field exposure metrics such as total exposure 

© 2002 American Chemical Society 119 
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time (4), total solar irradiance (5,6) and total-UV irradiance (7) in that the spectrum of 
incident radiation is broken up into regions, each of which is treated independently 
and each region is weighted as to its photolytic effectiveness. For most polymeric 
materials, quanta at wavelengths of solar ultraviolet closer to 290 nm tend to have a 
higher photolytic efficiency than do quanta at longer wavelengths. Broadband 
exposure metrics like total solar irradiance and total-UV irradiance assume that the 
photolytic effectiveness of all quanta in the radiant spectrum is constant. 

Total Effective Dosage Model 

The number of photons absorbed by a material, the dosage, is given by 

[1] 
where 
XminandXmax = minimum and maximum photolytically effective 

UV-visible wavelengths (units: nm), 
A(k,t) = absorbance of sample at specified UV-visible 

wavelength and at time t, (units: dimensionless) [note, for polymers containing UV 
stabilizers or absorbers the absorbance term can be partitioned to account for the 
spectral absorbance from each component], 

Ε0(λ,ΐ) = incident spectral UV-visible radiation dose to 
which a polymeric material is exposed to at time t (units: J cm"2), 

t = elapsed time (units: s). 

The total effective dosage, D t o t a l , is the total number of absorbed photons that 
effectively contribute to the photodegradation of a material during an exposure period. 
It has the form 

t m̂ax 

Dlolal(t)= J ]Εο(λΛ\ΐ-\0-ΑΜ)φ(λ) dX dt 
[2] 
where 
Dtotai(t) = Total effective dosage (units: J cm"2) and 
φ (λ) = spectral quantum yield, the damage at wavelength 

λ relative to a reference wavelength (dimensionless). 

Photolytic damage to a polymeric material has been empirically related to dosage, 
Ddosage» by a damage function. Commonly published damage functions include a linear 
response 
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Γ - a Ddosage 

a power law response 

r=a(Ddosage)* 

and an exponential response 

r = aexp(bDdosage) 

where a and b are empirical constants and where damage is any quantitative, 
performance characteristic that is considered to be critical to a material's field 
performance. 

The apparent quantum yield, φ(λ), in Equation 2 is estimated from the initial 
slope of the material damage, Γ, versus dosage, D d o s a g e(t), curve for a material exposed 
at wavelength λ. Once the apparent spectral quantum yield has been estimated, then 
this value can be substituted back into Equation 2 after which the total effective 
dosage, D t o t a l , can be determined. Although this can be accomplished, the estimated 
total effective dosage are only realistic when the damage versus dosage curves are 
linear. 

Experiment 

Materials and Specimen Preparation: 

Coating 
Bauer, Gerlock and others (8,9) have extensively studied the photochemistry of 

the model acrylic melamine coating selected for this study. The coating is made from 
a mixture of a hydroxy-terminated acrylic polymer and a partially-alkylolated amine 
crosslinking agent in a mass ratio of 70:30. The acrylic polymer contains 68% by 
mass normal butylmethacrylate, 30% hydroxy ethylacrylate, and 2% acrylic acid and 
is supplied as a mixture 75% by mass acrylic polymer and 25% 2-heptanone. The 
crosslinking agent used is Cytex Industries Cymel 3251, which is a mixture containing 
80% by mass melamine formaldehyde resin and 20% isobutanol solvent. The glass 
transition temperature of the cured coating as determined by dynamic mechanical 
analysis was 45° C ± 3° C for our material. 

Calcium fluoride (CaF2) disks having dimensions of 100 mm diameter and 9 mm 
thick were selected for the laboratory substrates. CaF2 is transparent for wavelengths 
between 0.13 μπι to 11.5 μπι (10). For the field exposure experiments, silicon and 
quartz substrates were selected due to the high cost of the CaF2 disks. Silicon is 
transparent for wavelengths between 1.2 μπι to 15 μπι and is a good substrate for 
studying photodegradation via FTIR analysis in the transmission mode. Quartz is 
transparent from 0.12 μπι to 4.5 μπι and, therefore, it is a suitable substrate for 
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studying changes in spectral UV absorbance. Al l three substrates have excellent 
moisture and temperature resistances. 

Solutions of acrylic polymer and melamine crosslinking agent were mixed at the 
manufacturer's suggested ratio, degassed, spread onto the substrates, and spin cast at 
2000 rpm for 30 seconds. The coatings were then cured at 130 0 C for 20 minutes. 
This schedule completely cured the coatings as verified by Fourier transform infrared 
spectroscopy (FTIR). The average and standard deviation of the cured coating 
thicknesses were 10.4 μπι ± 0.5 μπι as estimated by a prism coupling technique (11). 

Apparatus 

Solar Simulators 
Two Oriel Instruments solar simulators1 were procured for this study. A 

schematic of the simulator is shown in Figure 1. Each solar simulator's optical 
system included a 1000 W xenon arc lamp, a parabolic mirror, a dichroic mirror, an 
optical integrator, a cold mirror, a 36 cm diameter Fresnel collimating lens, and a light 
intensity controller (not shown in Figure 1). 

Ultraviolet radiation emitted from the xenon arc is reflected from the parabolic 
mirror to the dichroic mirror. Visible and infrared portions of the xenon arc spectrum 
pass through the dichroic mirror and are absorbed by a heat sink. The ultraviolet 
portion of the xenon arc spectrum is reflected off the dichroic mirror through the 
optical integrator. The optical integrator homogenizes the beam and the Fresnel lens 
collimates the beam. For our setup, the heat-induced irradiance of the specimens was 
less than 2° C above the ambient temperature. 

Exposure Cells 
The laboratory exposure cells were designed to simultaneously expose different 

sections of the same film to 12 well-defined, spectral radiation bandwidths. A 
complete description of the exposure cell and the exposure cell arrangement under the 
two solar simulators has been given in Reference 11. This section briefly describes 
the design of an exposure cell and the arrangement of the solar cells under each solar 
simulator. 

The exposure cells were arranged as shown in Figure 2. Exposure cells 1 through 
4 were irradiated under the left-hand solar simulator while exposure cells 5 through 8 
were irradiated under the right-hand solar simulator. 

1 Certain commercial instruments and materials are identified in this paper to 
adequately describe the experimental procedure. In no case does such identification 
imply recommendation or endorsement by the National Institute of Standards and 
Technology nor does it imply that the instrument or materials are necessarily the best 
available for the purpose. 
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Figure 1. Schematic of solar simulator showing the arrangement of its optimal 
components. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

00
7

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



Fi
gu

re
 2

. 
A

rr
an

ge
m

en
t o

f t
he

 e
ig

ht
 e

xp
os

ur
e 

ce
lls

 o
n 

th
e 

ex
po

su
re

 ta
bl

e 
an

d 
th

e 
ar

ra
ng

em
en

t o
f t

he
 1

2 
w

in
do

w
s 

w
ith

in
 e

ac
h 

ex
po

su
re

 c
el

l 
Th

e 
12

th
 w

in
do

w
 is

 o
nl

y 
th

e 
sp

ec
im

en
 d

is
k 

an
d 

is
 u

se
d 

in
 s

tu
dy

in
g 

no
n-

ph
ot

ol
yt

ic
 d

eg
ra

da
tio

n.
 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

00
7

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



125 

A cross sectional schematic of an exposure cell is shown in Figure 3. Each 
exposure cell has a layered design that included a filter disk, a quartz disk, a CaF2 

specimen disk and an encasement to hold the disks. The filter disk contained 11 
windows: 10 on the disk perimeter and the 11 th in center (the 12th window is displayed 
in Figure 2, but this window was only open in the specimen disk). Each window is 16 
mm in diameter. A slot machined into the top of each window supports an 
interference filter and the bottom is beveled with a knife-edge to minimize grazing 
angle reflections from the interior sides of the window. 

Each of the 10 perimeter windows was outfitted with a narrow bandwidth 
interference filter covering a different segment of xenon arc radiant spectrum from 
290 nm to 550 nm. Nominally identical interference filters were used in all eight-
exposure cells. The first eight interference filters had full-width-half-maximum 
(FWHM) values between 2 nm and 10 nm and covered the range between 290 nm and 
340 nm. The nominal center wavelengths for these filters were 290 nm, 294 nm, 300 
nm, 306 nm, 312 nm, 318 nm, 326 nm, and 336 nm. The two remaining filters had 
FWHM values greater than 10 nm and had center wavelengths of 354 nm and 450 nm. 
The 290-nm center wavelength interference filter was selected because 290 nm is the 
lowest radiation reaching the Earth's surface (12). The center wavelengths were 
selected to cover the range of suspected photolytic activity. The FWHM for each 
filter was selected in an effort to degrade the coating at the same rate. This selection 
process was based on three a priori assumptions: 1) the photolytic effectiveness (i.e., 
spectral quantum yield) monotonically decreases with increasing wavelength; 2) 
between 290 nm and 500 nm the apparent spectral quantum yield decreases by 
approximately three orders of magnitude (13); and 3) the spectral output of the xenon 
arc lamp approximates the solar radiant flux. 

The center window (i.e., the 11 th window) was termed the "full UV-radiation" 
window because, in the first study, it was not outfitted with a filter and, thus, 
transmitted all of the spectral radiant flux emitted from the solar simulator. In 
subsequent studies, a short pass filter (Schott filter KG-1, KG-2, KG-3, or KG-5) was 
inserted into this window to remove radiation below 290 nm. 

The CaF2 specimen disk was sandwiched between two aluminum plates (see 
Figure 3). Each plate contained 12 windows. The aluminum plates protected the 
CaF2 from damage during handling while the windows allowed a portion of the film to 
be exposed to a specific wavelength treatment. The top aluminum plate was 
positioned about 1 mm above the coating while the bottom plate was in direct contact 
with the lower surface of the CaF2 disk. Al l 12 windows in the top and bottom plates 
had the same dimensions and so aligned that radiation could exit the exposure cell 
without back reflection. The 12th ™ά™ was termed the "no-UV" or "dark window" and 
was used in assessing non-photolytically induced degradation. 

The exposure cell was machined to tight tolerances so that a small positive 
pressure could be maintained within the exposure cell chamber. The quartz disk acted 
as the top of the exposure cell chamber and protected the interference filters from the 
degrading effects of moisture while transmitting essentially the entire incident UV 
radiation. The CaF2 disk acted as the bottom of the chamber while the encasement 
acted as the sides. 
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Inlet and outlet ports were drilled into the exposure cell chamber letting air 
having a specified temperature and relative humidity (RH) in and out of the chamber. 
The conditioned air was generated in a humidity-temperature generator and pumped 
into each exposure cell. The temperature within the exposure chamber was monitored 
via a thermocouple positioned inside the chamber. The RH of the air flowing into the 
exposure cells was monitored by rerouting a portion of the air flowing into the 
chamber through a chilled mirror hygrometer for five minutes out of every 20 minutes. 
Temperature and RH measurements within each exposure cell were made on a 
continuous basis throughout the duration of the experiment. 

Humidity-Temperature Generators 

Two identical temperature-humidity generators were designed and fabricated to 
provide air of known RH and temperature to the four exposure cells positioned under 
each solar simulator. Each temperature-humidity generator was capable of providing 
conditioned air at one temperature and up to four different relative humidities. The 
RH of the air pumped into each exposure cell could be independently controlled and 
maintained to within ± 3% between 0% and 95% RH; while the temperature could be 
maintained at any value from a few degrees Celsius above room temperature to 70° C 
± 1°C. 

Measurements: 

UV-Visible and Infrared Transmittance Measurements 
Dosage, D d o s a g e , not time or dose, is the exposure metric used in these 

experiments. Dosage is the total number of photons absorbed by a pure material 
whereas the dose is the number of incident photons. To accurately estimate the dose 
and dosage, the optical properties of all of the components identified in Figures 4 had 
to be measured and account taken of 1) the spatial, temporal and spectral variability in 
the radiant flux of the light source and 2) the spectral transmittances of the 
interference filters, quartz plate, and coated CaF2 disks for all eight exposure cells. 
These measurements were made prior to the start of the experiment and at every 
inspection period. 

Measurements of the optical properties of the system .components were highly 
automated (11). Automation was achieved through three devices: 1) a robotic arm 
connected to a HP 8452A UV-visible spectrophotometer via a fiber optic cable, 2) a 
150 mm diameter PIKE automated ring inspection device inserted into the optical 
beam path of the HP 8452A UV-visible spectrophotometer, and 3) a second 150 mm 
diameter PIKE automated ring inspection device inserted into the optical beam path of 
a Perkin Elmer 1760X FTIR spectrophotometer. 

The HP 8452A spectrophotometer was calibrated against NIST's standard 
reference xenon arc lamp at least twice a year. This calibration curve allowed the 
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conversion of the UV-visible signal into photon counts. About midway through the 
experiments, it became apparent that even a small imprecision in the spectral UV 
measurements could greatly affect the estimated dosage. To improve the accuracy of 
these measurements, the UV-visible spectrometer was recalibrated during each 
inspection against standard UV-visible spectrometer transmittance density filters using 
NIST Standard Reference Material (SRM 930d) while the FTIR spectrometer was 
calibrated using a 38.1 μηι thick polystyrene film. 

Dosage and Apparent Spectral Quantum Yield Calculation Computer Program 

A software program [14] was written to estimate dose, dosage, and material 
damage given the input from the optical components shown in Figure 4. That is, dose 
and dosage were estimated from the UV-visible spectra of the lamps, the 
transmittances of the interference filters, quartz disk, and coated CaF2 disks and from 
the UV-visible absorbance of the coating specimens. Some of the optical values 
changed with time. For example, the spectral radiant flux emitted by the xenon arc 
lamp changed non-uniformly with time as the light source aged, even though the light 
source was equipped with a light intensity controller. The experimental procedure 
involved monitoring changes in UV-visible spectra during each inspection. Once the 
output of the lamp and the transmittance of the interference filters, quartz disk, and 
coated CaF2 disk were known, the spectral dose incident on a specimen could be 
estimated. Knowing the absorbance of the uncoated and coated calcium fluoride disk, 
the transmittance of the specimen could be determined. Radiant energy incident on 
the specimen that did not emerge from the other side of the specimen was presumed to 
have been absorbed by the specimen and was used in estimating dosage. Besides 
calculating spectral dose and dosage, the software package is capable of analyzing 
infrared spectra, plotting the damage function, estimating the apparent spectral 
quantum yield, and estimating the total effective dosage. 

Experimental Design: 

Specimens were exposed to 16 combinations of temperature and RH at each of 12 
different spectral bandwidths. The nominal RH's were 20%, 40%, 70% and 90% 
while the nominal temperatures were 30° C, 40° C, 50° C, and 60° C. An additional 
experiment was conducted at 50° C and at RH close to 0%. 

Al l eight exposure cells were simultaneously irradiated. The four exposure cells 
exposed under the right solar simulator (designed the right exposure in Figure 2) were 
held at a different temperature than the exposure cells exposed under the left solar 
simulator. The temperatures usually differed by 10° C. The temperature of each set 
of four exposure cells irradiated under the same simulator was maintained at 
approximately 1° C to 2° C above the specified exposure cell temperature. This was 
achieved by surrounding the exposure cells with 8 mm thick poly (methyl 
methacrylate) walls and heating the interior space. Increasing the temperature around 
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the exposure cells was necessary to prevent the formation of condensation of water on 
the top surface of the coating within an exposure cell for the high humidity exposures. 

Results and Discussion 

Environmental Characterization 

Spatial Uniformity, Collimation and Temporal Stability of UV-Visible Light Source 
Results on the spatial uniformity, collimation, and temporal stability of the UV-

visible light source have been graphically and tabularly presented in Reference 11. In 
general, the spectral radiant flux differed from one solar simulator to another and 
differed from one lamp to another. 

One example is displayed in Figures 5a and 5b for the spatial radiant flux 
distributions at 380 nm of the right and left solar simulators. The mean and standard 
deviation for radiant fluxes at 380 nm for the two solar simulators were 0.13 W/m2 ± 
0.014 W/m2 and 0.19 W/m2 ± 0.026 W/m2, respectively. The radiant flux from the 
right solar simulator was always 50 % less than the radiant flux from the left 
simulator; even when the same xenon arc source was used in both simulators. These 
spatial irradiance differences were measured at 110 locations under the two simulators 
at each inspection time using the robotic arm positioned underneath the exposure cell 
table. This data was used in the dose and dosage software program to calculate the 
incident radiation at every window for each exposure cell. 

The spectral radiant flux of the xenon arc light sources also changed non-
uniformly with time. For example, after 1500 h of lamp operation, the spectral radiant 
flux decreased with respect to initial values at 290 nm, 326 nm and 450 nm by 25%, 
50%, and 38%, respectively. These changes demonstrate the need for frequent 
monitoring of the spectral radiant flux emitted by the light source. 

Beam collimation and scattering of the radiation were measured in both solar 
simulators. Measurements using the fiber optic probe positioned at the end of the 
robotic arm and connected to the UV-visible spectrometer. The degree of collimation 
was ascertained by measuring the radiant flux below the center points of several 
randomly selected windows. Measurements were made while displacing the fiber 
optic probe in 10 mm increments until the sensor was 100 mm from the initial 
position. Radiant flux measurements were plotted against vertical distance and 
regression analysis was performed. The slope of the regression curve was not 
significantly different from zero suggesting that the radiant output from each solar 
simulator was highly collimated. The absence of stray light incident on the covered 
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Figure 5. Spatial irradiance uniformity of (a) the right and φ) the left solar 
simulators 
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Figure 5. Continued 
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12 window was verified by positioning the fiber optic probe immediately beneath 
this window. No UV-visible radiation was detected. 

Temporal Stability of Interference Filters, Quartz Disk and Calcium Fluoride Disk 
The CaF2 did not exhibit any loss of transmission over time. The interference 

filters were also photolytically and thermally stable except for the 450-nm filter; the 
loss of transmission for this filter ranged from 2% to 7% after six months of exposure. 
The quartz plates showed a small transmission loss over the course of exposure. Al l of 
these changes were accounted for in the software program used for calculating dose 
and dosage. 

Temporal Control of Temperature and Relative Humidity Within the Exposure Cells 
Both temperatures and relative humidities were well controlled. The standard 

deviations of the four RH levels studied (20 %, 40 %, 70 % and 90 %) ranged 
between 3 % and 7 % and the standard deviations of the four temperatures (30 °C, 40 
°C, 50 °C, and 60 °C) ranged between 0.4° C to 1° C (11). With further refinement of 
the temperature-humidity generators, relative humidity was controllable to within ± 
2%. 

Coating Degradation 

Photodegradation results for the acrylic melamine coating are presented in this 
section to demonstrate the approach for measuring material damage and calculating 
dosage. Figure 6a and 6b show FTIR spectra of the coating before and after aging for 
2040 h under full UV at 50° C and close to 0 % RH, and Figure 6c is the difference 
spectrum between the aged and unaged samples. The major FTIR bands of interest in 
the cured, unaged acrylic melamine coating are the absorptions near 3530 cm'1, due to 
OH stretching of the acrylic resin, near 3380 cm"1, due to OH/NH stretching of the 
melamine resin (15), and at 1085 cm"1 and 1015 cm"1, due to C-0 stretching. The band 
near 1555 cm"1 has been assigned to the contribution of three different groups: triazine 
ring, CN, and C H 2 (16). Although not visible in Figure 6a, two important bands that 
are frequently used for curing and degradation analyses of melamine-based coatings 
are the bands at 910 cm'1 (OCH3) and at 815 cm"1 (the triazine ring out-of-plane 
deformation). From Figure 6a, the cured film still contained a substantial amount of 
unreacted OH groups of the acrylic resin, and unreacted methylol or imino and OCH 3 

groups of the melamine crosslinking agent. The presence of these groups in the cured 
films can affect both the photolysis and hydrolysis of acrylic melamine coatings 
(9,17,18). 

The difference spectrum given in Figure 6c indicates that the coating has 
substantially degraded after 2040 h exposure. This is evidenced by the decreases in 
intensity in the 2750 cm"1 - 3050 cm"1 and 1600 - 1000 cm"1 regions and increases in 
the intensity in the 3100 cm'1 - 3400 
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Τ I I I δ I Γ 

4000 3500 3000 2500 2000 1500 1000 

Wavenumber, cm-1 

Figure 6. FTIR spectra of acrylic melamine coating (a) unaged, (b) after exposure 
for 2040 h in full UV, 5(f C and close to 0% RH, and (c) difference spectrum φ minus 
a). 
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cm"1 regions and of the bands near 1760 cm"1, 1670 cm"1, and 1630 cm'1. Analysis 
of amide model compounds and D 2 0 treatment of the UV-degraded specimens 
suggest that the band at 1670 

cm"1 is due to the C=0 of an amide and that the band at 1630 cm'1 is due to the 
NH bending of primary amines or primary amides. These assignments are consistent 
with Lemaire's scheme of photodegradation for acrylic melamine coatings (19) and 
with literature assignments of functional groups of amine and amide compounds (20). 
Complete assignments of the cured coating before and after exposure to the 
environments are given in Reference 18. 

In this study, we used the amide C=0 band at 1670 cm"1 and the C-0 band at 
1085 cm'1 to follow the oxidation and crosslink chain scission, respectively. Bauer 
and coworkers have utilized the integrated area in the 1550 cm'1 - 1750 cm"1 region 
(8), and later the intensity of the 1630 cm"1 band (9), to follow the photo-oxidation of 
acrylic melamine coatings exposed to UV conditions. Figures 7a and 7b depict FTIR 
intensity changes of the 1670 cm"1 and 1085 cm"1 bands, respectively, as a function of 
time for different spectral UV-visible conditions at 50° C and 0% RH. The changes in 
these band intensities were due to photolysis because post-curing effects have been 
removed. The photodegradation of this coating exposed to the full UV condition 
(inset) was much greater than that of any of the ten filters. Under full UV, the rates of 
both photo-oxidation and crosslink chain scission were almost constant with exposure 
time after an initial slow down. Further, under these exposure conditions, nearly 25 % 
of the C-O groups were lost after three months of exposure. 

Total Effective Dosage and Apparent Spectral Quantum Yield 

Figures 8a and 8b display photo-oxidation (1670 cm"1) and crosslink chain 
scission 

(1085 cm"1) as a function of dosage for specimens exposed to full UV, several 
filters and at 50 °C and close to 0 %RH. The dosage was calculated using Equation 1. 
Specimens exposed under the 294 nm, 300 nm, and 306 nm filters exhibited the least 
damage per unit dosage while specimens exposed under the 326 nm filter exhibited 
the greatest damage per unit dosage, despite the fact that the highest dosage was 
recorded at the 354 nm filter. 

The apparent spectral quantum yield is taken as the initial slope of the 
damage/dosage curve. The use of this initial slope avoids complications from multiple 
degradation processes and from potential shielding of the coating material by 
degradation products absorbing radiation. In the process of determining this slope, a 
fourth-order polynomial function was fitted to the damage/dosage curve. In this first 
implementation of analyzing this curve, the slope at the 10 % of the dosage was used 
as the point at which to estimate the apparent quantum yield. One example of such 
fitting is shown in Figure 9 for the 1085 cm"1 and 1670 cm'1 bands, where the symbols 
are the experimental data and the solid lines are the fitted curves. The initial part of 
the damage/dosage curves at 1085 cm"1 exhibits considerable scatter due to 
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Figure 7. FTIR intensity changes of the bands at 1670 cm'1 (a) and at 1085 cm'1 φ) 
versus exposure time. Exposure conditions were 50° C and close to 0% RH. 
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Figure 8. Oxidation (a) and crosslink chain scission (b) as a function of dosage for 
an acrylic melamine coating exposed to 5(f C and close to 0% RH to full UV and 
under the 10 interference filters. 
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Figure 9. Experimental andfitting FTIR degradation data as a junction of dosage 
for 1670 cm'1 and 1085 cm'1 bands. The initial slopes of these curves are usedfor 
obtaining the apparent spectral quantum yield 
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imprecision in the measurements of very small changes at early exposures. 
Nevertheless, the polynomial function appears to fit most of the data well. 
Differentiating the polynomial gives the apparent quantum yield at a given dosage. 
Since the damage/dosage relationship is not linear, the apparent spectral quantum 
yield falls off with dosage, presumably due to increasing shielding of the coating by 
degradation products and to the consumption of weak links in the material. 

Figure 10 presents typical apparent spectral quantum yield curves for the 
oxidation and crosslink chain scission of coatings exposed at 50 0 C and close to 0 
%RH under full UV and the ten interference filters. The apparent quantum yield at 
290 nm was the highest. In general, the apparent quantum yields in all UV exposure 
conditions for this coating were small, as is typical for solid polymers. Gupta et al. 
(21) have reported apparent quantum yield values (number of scissioned molecules 
per number of quanta absorbed by the polymer) in the range of 0.003-0.007 ± 0.002 
for polycarbonates exposed to 300 nm to 400 nm wavelength radiation at temperatures 
0° C and 55° C and at RH between 0 % and 100 %; whereas the apparent quantum 
yield of the same material irradiated in solution has been reported to be 0.18 (22). Dan 
and Guillet (23) observed that quantum yield of the chain scission in glassy polymers 
increases rapidly to the value obtained for the same polymer in solution as the 
temperature is increased to a temperature above the glass transition temperature. 

Estimates of the total effective dosage and apparent spectral quantum yield were 
found to be very sensitive to a number of experimental variables, including the initial 
UV-visible absorbance of the coatings, formation of coating degradation products, 
anomalies in the spectral UV absorption of the substrate, and UV-visible and FTIR 
measurement errors. The effects of these variables on the dosage and spectral apparent 
quantum yield are reported in Reference 24. Protocols have been developed and 
experimental errors had been essentially eliminated through careful and frequent re-
calibration of the UV-visible spectrophotometer using NIST's Standard UV-visible 
spectrometer transmittance density filters and polystyrene films to monitor the 
performance of the FTIR spectrometer before taking the spectra of any samples. 

Conclusions 

In this paper, a total effective dosage model has been presented that may have 
potential for linking field and laboratory photodegradation results for polymeric 
materials. An experimental apparatus and the experimental protocols for estimating 
the model coefficients have also been described. 

The total effective dosage model has a basis in the principles of photochemistry 
and has had extensive application in the biological community. The primary inputs 
into the model are dose, dosage and material damage. Given this input, the apparent 
spectral quantum yield and the total effective dosage for a study material can be 
estimated. 
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Figure 10. Quantum yields of the oxidation (a) and crosslink chain scission (b) of an 
acrylic melamine coating exposed to 50° C and close to 0% RHfor full UV and 10 
different wavelengths. 
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The exposure apparatus was built so that the primary exposure factors could be 
independently and accurately controlled and monitored within very tight bounds over 
both time and space. These factors include spectral UV radiation, temperature, and 
RH. Collimated UV radiation was produced by two 1000 W xenon arc solar 
simulators. Narrow band interference filters were used to segment the xenon arc 
spectrum into narrow bandwidths. Spectral damage to the coating was measured 
using Fourier transform infrared spectroscopy. Damage to the coating was attributed 
to hydrolysis, photolysis, and moisture-enhanced photolysis. 

Experiments were conducted on the model coating covered a wide range of 
temperature and RH exposure conditions. A full 4x4 factorial experiment was 
conducted at four temperatures (30° C, 40° C, 50° C and 60° C) and four relative 
humidities (20 %, 40%, 70 %, and 90 %) and at each of twelve spectral wavebands. 
An extra experiment was conducted at 50° C and 0 % RH. 

It was quickly determined that estimates of the total effective dosage and 
apparent spectral quantum yield were sensitive to a number of experimental variables 
including the formation of coating degradation products and UV-visible and FTIR 
measurement errors. To improve the precision of the measurements, both the UV-
visible and the FTIR spectrometers were recalibrated during every inspection period. 
The spectral data was input into a computer program to estimate the dosage, the 
apparent spectral quantum yield, and the total effective dosage. This program 
provided near real-time updating of the total effective dosage model parameters by 
combining data from the current inspection period with historical data stored in the 
computer from previous inspections. 

The total effective dosage model appears to be a good model for linking field 
and laboratory exposure results because the exposure apparatus built for this 
experiment greatly reduces temporal and spatial variations in the intensity of the three 
primary weathering factors - spectral ultraviolet radiation, temperature and relative 
humidity-it also allows separation of these effects. It was also shown that the 
experimental protocol for measuring or estimating the parameters of the total effective 
dosage model could be automated and that the outcome of these experiments for the 
study acrylic melamine coating are consistent with published results. 
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Chapter 8 

Integrating Sphere Sources for UV Exposure: A Novel 
Approach to the Artificial UV Weathering of Coatings, 

Plastics, and Composites 

Joannie W. Chin, W. Eric Byrd, Edward Embree, and Jonathan Martin 

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

The primary method for obtaining laboratory weathering data 
for a wide range of commercial polymer products including 
coatings, textiles, elastomers, plastics and polymeric 
composites is through the use of ultraviolet radiation exposure 
chambers (UV chambers). Although numerous improvements 
have been made in the design of UV chambers over the last 80 
years, the repeatability and reproducibility of the exposure 
results from these chambers have remained elusive. This lack 
of reproducibility and repeatability is attributed to systematic 
errors in their design, operation, and control which, in turn, 
have prevented comparisons of the performance of materials 
exposed in the same environment, comparisons of the 
performance of the same material exposed in different 
laboratories, and the comparison of field and laboratory 
results. This paper describes an innovative UV chamber 
design having a basis in integrating sphere technology that 
greatly reduces the magnitude of these errors, as well as 
provides additional experimental capabilities. 

144 © 2002 American Chemical Society 
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Ultraviolet radiation exposure chambers (UV chambers) are the primary 
means for generating laboratory weathering data for a wide range of commercial 
products including coatings, elastomers, plastics and polymeric composites 
(collectively termed construction materials) (/). Over the years, numerous 
technical improvements have been implemented in the design, construction, and 
control of these UV chambers. However, the repeatability and reproducibility of 
the exposure results obtained from these chambers have remained elusive 
{2X4,5,6). 

The repeatability and reproducibility of exposure results are affected not 
only by variability in material response, but also by experimental and systematic 
errors. Experimental errors and material variability, which are present in all 
experiments, are random in nature and can be compensated for through the use 
of proper experimental designs. 

Systematic errors, on the other hand, are uncompensated, non-random 
sources of error which bias experimental results. Common sources of systematic 
errors associated with existing UV chambers include human/machine 
interactions, high specimen temperatures, non-uniform irradiance over the 
surface of a specimen, and temporal changes in exposure conditions. These 
errors can be minimized by standardizing test procedures, making changes in 
existing exposure equipment, or circumventing them through the use of alternate 
UV chamber designs. In this paper, known sources of systematic errors are 
discussed and an innovative UV chamber, based on integrating sphere 
technology, which may be capable of reducing the magnitude of these systematic 
errors, is presented. In addition, it will be shown that the use of an integrating 
sphere-based UV chamber allows for greater experimental capability in terms of 
testing conditions. 

Current Laboratory UV Weathering Instrumentation 

Commercially available UV chambers began to appear circa 1920. Atlas 
Electric Devices* introduced its carbon arc "Fade-O-Meter" in 1918; several 
years later, Nelson (7) published preliminary exposure results for a UV chamber 

* Certain trade names and company products are mentioned in the text or identified in an 
illustration in order to adequately specify the experimental procedure and equipment used. In no 
case does such an identification imply recommendation or endorsement by the National Institute of 
Standards and Technology, nor does it imply that the products are necessarily the best available for 
the purpose. 
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design using a mercury arc lamp in 1922, and Buttolph (8) patented several 
modifications to Nelson's UV chamber in 1924. UV chambers containing 
fluorescent lamps were introduced at a later date. 

Numerous modifications in the early UV chamber designs have been made 
over the last 80 years. These modifications have been aimed at improving the 
repeatability and reproducibility of exposure results and include: 

• The identification of a more temporally stable ultraviolet light source 
• The identification of spectral radiant power distribution which more closely 

approximates the maximum solar ultraviolet radiant power (9,10,11,12), and 
• The re-design of the exposure racks within a chamber to improve the spatial 

irradiance uniformity over the dimensions of a specimen and among 
specimens. 

Specific examples of improvements include: 

• Identification of cut-off filter combinations to remove radiation below 290 
nm 

• The introduction of photopic sensors and feedback-control devices for 
minimizing temporal changes in the radiant power (13,14,15), and 

• The introduction of the three-tier exposure racks in xenon arc UV chambers. 

These changes have greatly reduced the variability in exposure results, but they 
have not fully resolved issues related to the lack of repeatability or 
reproducibility (5,6). 

Factors Affecting Reproducibility and Repeatability of 
Current UV Chambers 

Common sources of systematic error found in current UV chambers include 
human/machine interactions, unnatural exposure conditions, non-uniform 
irradiance over the dimensions of a specimen and among specimens, the inability 
to accurately and precisely measure ultraviolet radiation dose, and temporal 
changes in exposure conditions. Of these sources of error, unnatural exposure 
conditions, non-uniform irradiance and temporal changes in exposure conditions 
have been targeted by NIST researchers as those which could be mitigated by the 
use of a novel integrating sphere-based UV chamber. 
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Unnatural Exposure Conditions 

Xenon arc lamps are almost always operated at a higher current density than 
mercury arc lamps because of the smaller cross-sectional area of the xenon atom 
relative to that of the mercury atom (16). This high current density makes the 
xenon arc a very "hot source" (77,18); that is, xenon arcs emit a substantial 
amount of energy in the visible and infrared regions. As such, the temperature of 
exposed specimens has been observed to approach 60 °C (19,20). 

Improved temperature control of UV chambers can be achieved by 
removing the primary source of thermal energy, visible and infrared radiation, 
while maintaining the photolytically effective ultraviolet radiation. This can be 
accomplished by introducing a heat controlling optical element (e.g., a dichroic 
mirror) between the light source and the specimen. Dichroic mirrors or filters 
are designed to transmit (or reflect) ultraviolet radiation through (or off of) the 
dichroic mirror and onto the specimens while reflecting (or transmitting) the 
visible and infrared portions to a heat sink. 

Ultraviolet radiation with a wavelength less than 290 nm does not reach the 
earth's surface (21,22); thus the presence of radiation with wavelengths below 
290 nm may induce "unnatural" chemistry in materials. Efforts have been made 
by UV chamber manufacturers to eliminate these wavelengths by carefully 
researching light sources and utilizing cut-off filters. Although not a perfect 
match, certain grades of fluorescent lamps or xenon arc lamps equipped with 
borosilicate/borosilicate filters appear to be a close approximation to the solar 
spectrum (12). 

Temporal Variation 

The radiant power output from an arc source is known to be unstable over time. 
This temporal instability can be attributed to both equipment variables and 
changes in the light source as it ages (light source plus the filters). 

The major equipment variable affecting radiant power output is a change in 
the electrical current density over time. The higher the current density, the higher 
the temperature of the plasma and, thus, the greater the radiant power. Also, the 
higher the current density, the higher the proportion of the total radiant power 
emitted in the ultraviolet region (23,24). Thus, temporal stability of a lamp 
depends heavily on the stability of the lamp power supply. 

The optical properties of the arc lamps, filters (in the case of xenon arc 
lamps), and phosphors (in the case of fluorescent lamps) change with time 
through an aging process. The tungsten electrodes operate near the melting 
temperature of tungsten when the lamp is on, thus causing tungsten to be 
sputtered off the electrodes and deposited onto the interior walls of the glass 
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cylinder (16,25). These deposits reduce the spectral transmittance properties and 
eventually cause the glass envelope to devitrify and crack (23). In commercial 
xenon arc chambers, efforts have been made to minimize this effect by placing a 
metallic sleeve around the anode. 

The glass enclosure surrounding the arc also ages. This can occur whenever 
the arc plasma touches the enclosure, causing it to melt and to deposit silicon 
onto the interior surface of the glass. The quartz and other glass filters 
surrounding a xenon arc also age through a process called solarization (26). 
Solarization is the reduction in transmittance of a filter resulting from the 
exposure to short wavelength UV radiation and to high temperatures. 

Spatial Irradiance Uniformity 

Ensuring spatial irradiance uniformity over the dimensions of a specimen 
and between specimens is a prime consideration in designing any optical system. 
Spatial uniformity is needed to determine the spectral ultraviolet radiation 
dosage received by a specimen. Spectral ultraviolet radiation dosage must be 
known in order to compare the performance of materials exposed in the 
laboratory and those exposed in the field (27,28). 

Spatial irradiance uniformity is difficult to attain in current UV chambers 
due, in part, to the larger surface area over which uniformity must be controlled. 
Factors affecting irradiance uniformity include reflectance from the specimen 
and walls of the chamber and physical limitations imposed by the optical system 
(e.g., the geometry of the light source and the dimensions of the specimens). 
The remainder of this paper addresses a proposed solution to the problem of 
spatial irradiance uniformity in conventional UV chambers, through the use of an 
integrating sphere as a UV source. 

Integrating Sphere Theory 

The theory of integrating spheres, as well as their uses in a wide variety of 
applications, is well-established (29,30,31). An integrating sphere is a hollow 
spherical chamber with an inner surface coated with a diffuse reflecting, or 
Lambertian, coating. Light entering an integrating sphere undergoes multiple 
diffuse reflections at the interior surface, resulting in an uniform field of light 
within the sphere. This collected light can then serve as a means of measurement 
or as a source of uniform illumination. This latter function will be utilized in the 
novel UV weathering device. 

Integrating sphere theory has its origin in the theory of radiation exchange 
between diffuse surfaces (32). Although the general theory can be complex, the 
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symmetry of the sphere simplifies the analysis. Consider the exchange of 
radiation between two differential elements of diffuse Lambertian surfaces Ax 

and A2, with areas dA{ and dA2 as shown in Figure 1. The fraction of the total 

flux leaving Α ι ( Φ A ) and arriving at A2 ( Φ A i ) is given by: 

Φ ^ = cos^cos^ 
Φ . ' - ' . s ! 

where dFi„2 is the exchange factor. If these two surface elements are contained 
inside a diffuse sphere surface, and S = 2/fcos#i = 2iteos6|2, as shown in Figure 
2, then equation 1 becomes: 

Equation 2 is independent of the locations of the two elements and as well as the 
distance between the elements. This result is significant because it states that the 
fraction of flux received by A2 is the same for every other point on the sphere 
surface. 

If the differential areas dAx and dA2 become finite areas Ax and A2, then 
Equation 2 becomes: 

Equation 3 is also independent of dAh allowing it to be expressed as: 

dF = A l = A 

where A& is the total surface area of the sphere. Thus, the fraction of energy 
received by A2 is equal to the fraction of surface area that it takes up within the 
sphere. 

The physical significance of the previous analysis is that every point on a 
sphere is equally illuminated by reflections from every other point. This leads to 
the conclusion that theoretically, not only should the output intensity be uniform 
across the plane of an exit port, but every exit port should have the same spectral 
output as every other exit port. This property of integrating spheres will be 
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Figure 1. Exchange of radiation between two diffuse surface elements 

Figure 2. Exchange of radiation in a spherical enclosure. D
ow

nl
oa

de
d 

by
 O

H
IO

 S
T

A
T

E
 U

N
IV

 L
IB

R
A

R
IE

S 
on

 S
ep

te
m

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

00
8

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



151 

exploited to produce a artificial UV weathering device with improved spatial 
irradiance uniformity. Thus, it can be seen that the use of an integrating sphere 
as a uniform UV source can potentially resolve one of the major problems in 
current UV chamber design; that is, non-uniform irradiance across the 
dimensions of a specimen and from specimen to specimen. 

The throughput, at a given port, of an integrating sphere with multiple ports 
is given by: 

^ = —SÂ (5) 

where Φί is the input flux, Φ 0 is the output flux, ρ is the average sphere wall 
reflectance,^ is the fraction of the sphere surface area taken up by the exit port 
of interest, and ftot is the total fraction of the sphere surface area taken up by all 
of the exit ports. This equation assumes that no portion of the input flux is 
directly incident on any of the exit ports. It is generally recommended that ftot be 
less than 5% if sphere output uniformity is critical. If a known input flux is 
known, the output flux of an actual sphere can be calculated via equation 5. 

In order for the above-mentioned equations to be correct and for the 
successful use of an integrating sphere as an optical device, it is critical that the 
sphere interior surface scatter light in a perfectly Lambertian fashion over the 
wavelength region of interest. If the scattering is non-Lambertian, then the basic 
assumptions for the standard integrating sphere analysis are violated. The effects 
of non-Lambertian reflectance on integrating sphere measurements are presented 
by Hanssen (35). 

In the wavelength regions of interest, namely 290 nm to 400 nm, materials 
which provide the greatest degree of Lambertian reflectance are based on barium 
sulfate powder or polytetrafluoro-ethylene (PTFE). The reflectance of pressed 
PTFE powder has been studied by Weidner and Hsia (34), and was measured to 
be > 0.98 in the region from 250 nm to 2000 nm. In recent years, a solid, 
machinable PTFE material has been developed with the high reflectance of the 
powder, but with greater durability and resistance to temperature, moisture and 
corrosive chemicals. PTFE maintains its reflectance indefinitely under normal 
laboratory conditions if not contaminated and does not need to be repacked or 
recoated (35). In the event that reflectance does decrease over time due to 
surface contamination, the material can be sanded or vacuum baked (36) to 
regenerate its original reflectance. 
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Integrating Sphere Based UV Chamber 

NIST researchers are currently developing a novel integrating sphere-based 
UV chamber, and have procured a 2 m diameter integrating sphere. A 
photograph and schematic representation of the NIST 2 m sphere are shown in 
Figures 3 and 4, respectively. The sphere construction is based on a modular 
panel design, which allows individual panels to be removed for modification or 
repair. The interior of the sphere is lined with PTFE panels, and currently 
contains thirty-two 11.2 cm diameter ports, and a 61 cm diameter top port to 
accommodate a high intensity UV light source. 

The proposed lamp system for the 2 m sphere is a microwave-powered, 
electrodeless lamp system with an output which is rich in the region between 290 
nm and 400 nm. A multiple lamp system will be utilized, which has been 
calculated to provide an output greater than 50 equivalent suns (where a "sun" is 
defined as the integrated irradiance between 305 nm and 400 nm taken from the 
direct normal spectral solar irradiance distribution in ASTM G159). A multiple 
lamp system, in contrast to a one lamp system, allows the response of a material 
to various irradiance levels to be evaluated, thus providing opportunities to test 
the law of reciprocity. 

Dichroic reflectors in the lamp housings will remove (80 to 90) % of the 
infrared and visible output from the lamps. In the event that wavelengths > 400 
nm are predicted to be instrumental in the photodegradation of certain materials, 
the dichroic reflectors can be replaced with conventional reflectors, thus 
retaining a greater proportion of the visible spectrum. Figure 5 shows the output 
spectrum for the lamp system with the dichroic reflectors in place. 

As was discussed earlier, due to the fact that every point on the sphere 
surface is theoretically equivalent to every other point, the monitoring of UV 
spectral intensity is quite simple. For instance, a fiber optic probe could be 
inserted at an arbitrary point in the sphere wall (away from the "first strike" 
region of the light source) and connected to a spectroradiometer to provide a 
measure of the spectral radiance within the sphere. Through photofeedback 
processing, lamp power can be continually adjusted to compensate for temporal 
instabilities in, and diminishment of lamp output, over time. 

This design appears to be capable of mitigating most, if not all, of the 
systematic errors from unnatural exposure conditions and spatial irradiance non-
uniformity discussed earlier. Prior to the design and fabrication of the 2 m 
integrating sphere, a prototype 50.8 cm sphere was utilized to determine the 
suitability of integrating spheres for use in artificial weathering devices. Spectral 
UV measurements were made in the center of two 12.7 cm diameter apertures of 
this sphere, a schematic of which is shown in Figure 6. Spectral output from the 
two exit ports for a 1000 W xenon arc source are overlaid in Figure 7. It should 
be pointed out that no discernible difference in the spectral output is apparent. 
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Figure 3. NIST 2 m integrating sphere. 

High Intensity UV 
Light Source 

Figure 4. Schematic of 2 m integrating sphere. 
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Right exit port 

1000 W 
xenon arc lamp 

Left exit port 

Figure 6. Schematic of 50.8 cm integrating sphere. 
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Figure 7. Comparison of output from right exit port and left exit port on 50.8 cm 
integrating sphere. 
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In order to study the environmental durability of materials used in building 
and construction applications, it would be advantageous to uniformly irradiate 
specimens under a variety of conditions. This could be accomplished by 
equipping each port with a specimen chamber in which temperature, relative 
humidity, mechanical loading and other factors can be independently controlled. 

Because each chamber is independent of the others, a multiplicity of 
environmental conditions can be evaluated in a given experiment. While the UV 
irradiance would be identical between the ports, narrow band-pass filters or 
neutral density filters can be installed at the exit port to study the effect of a 
narrow wavelength region or to adjust the intensity, respectively. For instance, 
it would be possible to expose a specimen at one exit port to 60 °C, 95 % 
relative humidity, polychromatic light; whereas, at another exit port, the 
specimen could be exposed to 50 °C, 95 % relative humidity, and 290 nm 
radiation. The capability to apply mechanical stresses to the specimens while 
they are undergoing UV exposure can also be achieved, as shown in Figure 8. 
Other unique exposure environments can also be created, including freeze/thaw 
cycling and acid rain. 

It will be necessary to situate the specimen chamber at some distance from 
the integrating sphere exit port to accommodate specimens which need to 
undergo mechanical loading, due to the physical space taken up by the loading 
frame and specimen grips. In order to convey the highly uniform radiation from 
the sphere exit port to the above-described specimen chambers without loss of 
uniformity and with minimal loss in intensity, non-imaging optical devices will 
be utilized. Such non-imaging optical devices are also known as compound 
parabolic concentrators, Winston cones, and cone concentrators, and are 
considered to be more efficient than conventional image-forming optics in 
concentrating and collecting light. These devices date back to the 1960's and 
were once used for solar collection; a detailed treatment of this subject is given 
by Welford and Winston (57). A typical cone concentrator is shown in Figure 9. 
In the application at hand, they will be used to collimate the diffuse output from 
the sphere exit port to within 20° and transfer it to the specimen surface. 

Summary 

UV chambers play an important role in comparing or predicting the 
performance of construction materials and determining the effect of different 
weathering factors on the performance of a construction material. Although 
significant modifications have been made in current UV chamber designs, 
controlling the systematic errors and thus the repeatability and reproducibility of 
these chambers has remained elusive. An integrating sphere UV chamber design 
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Figure 9. Schematic of typical cone concentrator. 
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is being developed which appears to be capable of mitigating known sources of 
systematic errors. Assuming that the sphere is properly designed and that the 
UV lamps are correctly integrated, uniform irradiance across the dimensions of a 
specimen and from specimen to specimen is assured by integrating sphere 
physics. 

The improvements offered by an integrating sphere UV chamber over 
conventional weathering instrumentation are summarized as follows: 

• Simplicity in design and easy accessibility to the light source, exposure cells 
and specimens. 
The light source, exposure cells, and specimens are located on the exterior 
of the integrating sphere and, thus, they are readily accessible even while an 
experiment is in progress. 

• Removal of visible and infrared radiation from the radiant flux 
High specimen exposure temperatures can be minimized by removing most 
of the visible and infrared portions of the radiant energy flux emitted by the 
light source prior to entering the sphere. By removing most of the visible 
and infrared radiation emitted by the light, the temperature within the 
chamber can easily be maintained at slightly above room temperature. 

• Removal of radiation below 290 nm. 
By positioning a cut-off filter after the dichroic mirror, radiation below 290 
nm can be removed from the radiant flux. Moreover, interference or cut-off 
filters can be positioned in front of each specimen so that each specimen can 
be uniquely irradiated using any combination of wavelengths. 

• Spatial irradiance uniformity. 
As a uniform radiation source, an integrating sphere is capable of 
minimizing errors due to non-uniform irradiance over the dimensions of a 
specimen and from specimen-to-specimen. Spatial irradiance uniformity 
does not depend on the light source, the age of the light source, or batch to 
batch variability, but, instead, it is controlled by the physics of integrating 
spheres. 

• Temporal irradiance monitoring and control. 
Temporal changes in the spectral radiant intensity of the light source can 
not be controlled. Through the use of the integrating sphere, however, 
temporal variations can be easily spectroradiometrically monitored. This is 
possible because the radiant power within the integrating sphere remains 
uniform and, thus, changes in the radiant power can be easily monitored. 
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• Experimental Flexibility 
Finally, use of an integrating sphere provides the opportunity to 
simultaneously and independently expose a multiplicity of specimens each 
to its own exposure environment. This can be achieved by positioning 
specimens in individual exposure cells and uniformly irradiating the 
specimens by projecting the output from the exit ports with the use of non
imaging optical devices. The environmental and operating conditions 
within each exposure cell can be uniquely selected. 
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Chapter 9 

The Role of Fundamental Mechanistic Studies 
in Practical Service Life Prediction 

David R. Bauer1 and Karlis Adamsons2 

1Ford Motor Company, Research Laboratory, MD3182, 2101 Village Road, 
Dearborn, MI 48121 

2Marshall Research and Development Laboratory, DuPont Automotive, 
3401 Grays Ferry Avenue, Philadelphia, PA 19146 

Chemical and physical measurements of coating degradation and 
stabilization have played a key role in gaining a fundamental 
understanding of coating failures. Such fundamental mechanistic 
studies are playing an increasingly important role in coating 
development and practical service life prediction. For the coating 
supplier, fundamental studies provide insights into how to develop 
new resins and select new additives to produce formulations with 
improved performance. The fundamental approach can drastically 
shorten coating development time by providing quick direction as to 
trends in performance. For the coating user, fundamental studies 
have improved test protocols, provided direction in setting 
performance goals, and helped ensure robust application procedures. 
The end result is reducing the risk of in-service failure and improving 
the performance/cost ratio. 

Introduction 

Over the past 20 years, a significant effort has been made to develop an 
understanding of the critical factors that control coating failures. Fundamental studies 
of chemical and physical changes have provided much insight into how and why 
coatings fai l l . For example, studies of ultraviolet light absorber (UVA) loss have led 
to an understanding of basecoat/clearcoat delamination 2. Other studies including 
ESR measurements of HALS nitroxide concentration, FTIR measurements of 
crosslink scission and oxidation, and NMR measurements of polymer end-group 
concentrations have provided insights into why some coating formulations weather 
faster than others 3"7. As we will show, such fundamental studies are finding 
increasing practical applications for both coating suppliers as well as users. Coating 
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suppliers are using the fundamental studies to develop improved coatings and to 
reduce product development time. Coating users are using the studies to select more 
appropriate accelerated tests and to align performance specifications with customer 
satisfaction targets. In this paper, we first describe the most common coating 
weathering failures and discuss limitations of conventional weatherability testing. We 
then describe a number of the fundamental techniques that have been used to study 
coating failure and discuss how the knowledge gained from those studies has been 
used to improve both coating development and service life prediction capabilities. 

Automotive Weathering Failures and Conventional Testing 

There are two basic types of automotive coating technologies that have been used 
over the past several years, monocoats and basecoat/clearcoats. Monocoats contain 
(highly dispersed) pigment particles in the top coating layer to achieve the desired 
color. As monocoats weather, the polymers in the monocoat erode away exposing 
pigment particles, which leads to a loss of gloss and ultimately chalking. Pigments 
and colorants may also degrade leading to color change or fade. Gloss loss and fade 
occur gradually during service life. These phenomena all occur at the very top layer 
of the coating and can be repaired by waxing and/or polishing. In basecoat/clearcoats, 
a clear polymer layer protects the pigmented basecoat. Gloss loss and color fade tend 
to be much slower in basecoat/clearcoats versus monocoats. Basecoat/clearcoats can 
ultimately fail by abrupt cracking or delamination of the clearcoat from the basecoat. 
Cracking and delamination require repainting, an expensive process. Cracking can 
also occur in monocoats, however, by the time cracking occurs, the coating is so dull 
that it would likely be considered to have already failed. It is also possible for the 
topcoat system (monocoat or basecoat/clearcoat) to peel off of the primer. This can 
occur if there is sufficient light transmitted through the topcoat and if the primer is 
sufficiently sensitive to that light. Such delaminations would also require repainting 
to restore appearance. Both coating types are also susceptible to damage by acid rain. 
In the case of monocoats, both etching and color changes can occur. In the case of 
basecoat/clearcoats, clearcoat etching can be observed. 

Traditionally, automotive paint/coating systems have been exposed outdoors in 
USA climates such as those found in Florida and Arizona. Florida represents a climate 
that is hot and humid, while Arizona represents a climate that is hot and dry. A 
specific location in Florida (Jacksonville) is used to evaluate the effects of acidic 
depositions on paint films. 

Although such climates are useful in providing a good approximate worse case of 
what to expect elsewhere in the continental USA, many years are required (especially 
for basecoat/clearcoats) before appearance changes are apparent. As a result, a variety 
of accelerated exposure conditions are used to evaluate coatings. In order to induce 
failures in as short a time as possible, accelerated tests often include exposure 
conditions that cannot occur in service. For example, the radiation used (i.e., QUV 
lamps, Xenon arc lamps, carbon arc, etc.) does not accurately represent solar radiation 
encountered at the earth's surface, particularly in the UV range. Certain coating 
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chemistries are particularly sensitive to UV light below 295 nm and tests that employ 
such light can give results that are not consistent with in-service exposures. Even 
though accelerated test results have been widely used, the test results are usually 
considered to be tentative pending confirmation by outdoor results. There have been 
numerous cases where accelerated tests have rejected durable coatings or passed 
coatings that fail in service. In general, the more realistic the accelerated test, the 
longer the exposure that is required to evaluate performance leading to longer 
development times.Techniques Used to Study Coating Degradation 

A wide variety of techniques have been applied to the question of coating 
degradation and stabilization. The most important techniques have been FT-IR and 
Raman measurements of coating compositional changes, ESR measurements of free 
radical formation and HALS stabilization, UV/VIS measurements of coating 
transmission and UVA retention, Chromatographic methods for additive analysis, and 
ToF-SIMS measurements of oxidation. 

Although weathering is usually thought of as a surface phenomenon, it is often 
important to be able to map chemical changes as a function of depth in various coating 
layers. Many of the above techniques have been adapted to provide this depth 
resolution. A summary of commonly used techniques is provided to frame the 
discussion of application to service life prediction. More detailed descriptions and 
recent results are described elsewhere in this volume. It is important to note that many 
coating failures result from a combination of chemical change and mechanical stress. 
It is critical to relate the chemical changes to changes in mechanical properties. 
Photooxidation and changes in crosslink structure, for example, lead to changes in the 
energy to propagate fractures in the coating, which is critical for crack resistance. 

FT-IR Analysis 

Various IR techniques have evolved and been applied in studying coatings 8*17. 
Techniques including transmittance, attenuated total reflectance (ATR), diffuse 
reflectance (DRIFT), and photoacoustic (PAS) mode experiments have been used. 
Their selection depends on the nature of the sample, specific locus of interest, and 
technique hardware/software/experience available. Note that the sampling approach 
used will often determine the volume element, and thus surface or depth specificity, 
achievable. 

The simplest transmission mode IR measurement on coatings involves preparing 
a coating of the appropriate thickness (-5-7 μιη) on an IR transparent substrate. For 
exposure studies, a silicon wafer is a good substrate. The clearcoated silicon wafers 
can be anchored onto metal holders whose position in the IR spectrophotometer-
sampling compartment can be reproduced to permit monitoring the same area (cross-
section) of the sample following each exposure period. 

Commercial coating samples are optically too thick (clearcoats are generally 40-
50 μπι and full automotive paint systems are > 100 μπι) or applied on non-IR 
transmitting substrates for direct measurement by transmission IR. Surface skiving or 
microtoming are sampling techniques useful in obtaining samples in the -2-7 μιτι 
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thickness range from automotive paint/coating materials. Microtoming also provides 
the possibility of depth profiling. For example, depth analysis can be done using IR 
microscopy of thin layer cross-sections, which must be supported flat and securely on 
an X-Y micro-translating stage. Section handling requires considerable skill and 
training. For example, the small cross-sections must be immobilized and supported 
flat. 

Depth analysis by IR-microscopy is more easily accomplished by microtoming 
-4-10 μηι thick coplanar sections. A depth profile is generated by sequential analysis 
of these sections. Sections on this thickness scale for automotive systems can be 
quickly prepared using room-temperature slab-microtomy. Note that longer-term 
outdoor or accelerated aging of automotive systems can cause them to become fragile 
and difficult to section. Use of very sharp cutting blades (i.e., carbide or diamond) and 
optimizing the cutting angle can minimize this problem. Slightly thicker sections can 
be cut to help maintain integrity of sections during handling. In addition, many slab-
microtomes can operate under cryo-conditions, which often permit sectioning of 
weaker, degraded paint/coating layers without shredding. Overall, this approach is 
equally convenient for sectioning a single layer or the entire multi-layered system. 
Normally this combination of sample preparation and IR analysis is found effective in 
determining the general chemistry as a function of depth n . 

ATR obtains IR spectra by passing IR light through an internal reflection element 
(IRE) in contact with the surface of a sample. The evanescent wave that penetrates 
into sample results in spectra that probe the surface and near surface of that sample. 
Subtle differences in surface/near-surface composition as a function of depth can be 
obtained using different ATR internal reflection elements (IRE's), which provide a 
means to vary the IR beam penetration depth over -0.5-3 μπι. The IRE material used 
(i.e., typically zinc selenide [ZnSe], germanium [Ge] or diamond), as well as angles of 
beam incidence, dictates the penetration depth. In addition, ATR measurements can 
usually be made with minimal sample preparation. Diamond is the hardest of the ERE 
materials and is often used in analysis of materials that are quite hard or that possess 
irregular surfaces. Under sufficient contact pressure the material opposite the 
diamond will deform to provide uniform surface contact, optimizing the quality of the 
resultant ATR spectrum. In this context, automotive paint/coating materials are easily 
deformed by the diamond, resulting in high quality spectra. 

DRIFT surface/near-surface sampling is efficiently done using a sampling 
technique known as "Si-Carb". This type of sampling employs surface polishing, 
where a silicon carbide sandpaper (600-1200 grit) disk is used with controlled rotary 
motion to abrade the surface of a paint/coating system. The surface specificity of this 
technique is generally limited to the -5-10 μπι depth range, depending on the time and 
pressure applied in polishing. Analysis is performed on the surface of the sandpaper 
disk, where a new disk is used to obtain a background spectrum. Reproducible 
surface abrading can be obtained using a Dremel ™ Moto-Tool (or similar) drill and 
corresponding drill stand. Many of these drills permit variable rotation speed ranging 
from 5,000-30,000 rpm. 
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Photoacoustic spectroscopy (PAS) is a technique that directly measures the 
absorbance spectrum of a polymer-based paint/coating system layer without requiring 
a direct radiation reflection or transmission measurement. When modulated, mid-
infrared radiation is absorbed by the sample, the material heats and cools in response 
to the modulated infrared energy impinging on it. Thereafter, the heating and cooling 
is converted into a pressure wave that directly impacts on the coupling gas (usually 
He) in contact with the sample. Thermal expansion and contraction of the gas is then 
detected by an acoustic detector (i.e., sensitive microphone) and transduced into the 
photoacoustic signal. Note that the acoustic detector replaces the standard infrared 
radiation detector in the FT-IR spectrophotometer. Contributions to the signal come 
from each region of the sample in which infrared radiation is absorbed. Of course, 
significant contributions require that the thermal wave amplitude has not effectively 
decayed prior to crossing the sample/coupling-gas boundary The sampling depth at a 
given wavenumber can be varied in PAS measurements 1 8" 2 2 by changing the mirror 
velocity. A slower mirror velocity effectively allows for a greater contribution from 
lower layers by increasing the thermal wave decay length. Conversely, a faster mirror 
velocity minimizes the thermal contribution from deeper layers. Experiments such as 
these where the mirror velocity is constant are categorized as linear scan. Also, the 
sampling depth increases with decreasing wavenumber by more than a factor of three 
going from 4000 to 400 cm"1 across a mid-IR range spectrum. For a detailed 
discussion of the principles and instrumentation required in performing the PAS 
experiments one can refer to the work of McClelland et. a l . 2 3 . 

More recently, another approach has been evolving for doing PAS experiments. 
Using a "step scan" IR spectrophotometer the mirror is moved incrementally in steps 
14,24-26̂  Γ α ^ 6 Γ t j i a n continuously with a constant velocity (linear scan). The step scan 
approach eliminates the time-dependence of the interferogram and temporal Fourier 
frequencies that are created. Specifically, phase modulation step scan experiments are 
conducted wherein the movable mirror is moved to a given position and then one of 
the other mirrors is oscillated back and forth at a fixed frequency to modulate the 
impinging IR radiation. In addition, there are two important phase modulation 
parameters: frequency and amplitude. The phase modulation frequency refers to the 
number of oscillations per second (i.e., Hz). The phase modulation amplitude 
measures the range (i.e., distance) of the mirror oscillation. This is usually indicated in 
terms of the laser wavelength (i.e., HeNe λ). Ultimately, step scan capability offers an 
efficient means of getting spectra whose depth information does not depend on 
wavenumber. PAS has been identified as a useful tool for near-surface analysis of 
paint/coating systems as well as various types of fabrics, fibers and films 1 3 - 1 8 ' 2 4 » 2 7 " 3 5 . 

The PAS and DRIFT techniques have been compared in the context of near-
surface analysis techniques 2 8 . A variety of polymer-based films/coatings, fibers and 
fabrics were studied. It was observed that DRIFT showed an enhancement in band 
intensities of near-surface species, however PAS appeared to have a significantly 
smaller sampling depth. In all cases PAS was found to be a quick and broadly 
applicable tool for polymeric materials. 
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Raman Analysis 

Raman spectroscopy provides information on paint/coating system materials that 
is both similar and complimentary to that obtained from IR spectroscopy Ι 4 ' 2 4 ' 3 6 " 4 4 . An 
extensive review of Raman spectroscopy in study of a broad range of polymeric 
materials (including paint/coating systems) is available 4 2 . The two techniques provide 
detailed information on molecular structure. Both monitor interactions between source 
radiation and matter that result in vibrational (energy level) transitions characteristic 
of inherent molecular substructures. Raman is an inelastic photon scattering process, 
usually involving narrow-band source radiation from a laser. Although both are 
vibrational spectroscopies, they differ primarily in the impact of molecular symmetry. 
Raman is particularly useful in analysis of molecular structures that are more 
symmetrical (i.e., polymer backbone, isolated/conjugated double bond, and certain 
organic pigment/dye unsaturated ring substructures). IR tends to be particularly useful 
in analysis of polymer side chain functional group, cross-linker, and additive 
substructures that are asymmetrical. This highlights the complimentary nature of the 
Raman and IR techniques. 

The Raman signal is relatively weak. It has been reported that about one Raman 
photon is obtained for every 108 photons interacting with a sample. Also, background 
fluorescence observed with many materials can be quite strong, making it impractical 
to obtain any useful Raman signal 4 0 . Many developments have occurred in recent 
years including more sensitive CCD-type detectors, filters that have high fluorescence 
rejection efficiency, and laser sources in the near-IR range. Laser sources with 
frequencies in the near-IR range allow the user to avoid much of the fluorescence 
typical of many industrial paint/coating materials ^ 4 S . Note that many colorants (i.e., 
pigments and dyes) result in characteristic high levels of fluorescence. These new 
laser sources are now making Raman analyses of such materials practical in a modern 
industrial laboratory. 

Raman microscopy has evolved over recent years, permitting practical analysis of 
very small spot areas 8 ' 4 6 " 4 8 . Areas of -2 μπι diameter, or slightly less, are possible 
with commercial instrumentation. Essentially, Raman microscopy is conducted by 
integrating an optical microscope to a Raman spectrometer with a laser for excitation. 
A Renishaw spectrometer/imaging microscope equipped with an X-Y micro-
translating stage has been successfully used in surface and cross-section chemical line 
profiling and area mapping. A 50X- or lOOX-objective can be used to provide a laser 
spot size of -2 μπι and ~1 μπι, respectively. By comparison, IR gives a diffraction 
limited spot size of -10 μπι, with practical analysis in the -20-30 μπι range. The 
smaller spot sizes possible in Raman microscopy allow detailed chemical mapping of 
surfaces. This is useful if there is component segregation, or domain formation, on a 
scale larger than the spot size and within the translation capability of the microscope 
stage 4 9 . Chemically selective imaging offers a means of highlighting specific 
components or substructure density across a surface 1 4 ' H 5 0* S 2 . In addition, the high 
spatial resolution permits effective chemical composition mapping in failure (i.e., 
defect) analyses and cross-sectional depth profiling 8 ' 4 4 ' 4 6 ' 5 3 
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Total internal reflection Raman spectroscopy was developed as a tool for analysis 
of polymeric coatings 5 4 . Analogous to the IR ATR technique (described earlier), an 
internal reflection element (i.e., sapphire) is used in direct contact with the sample 
surface. This technique is capable of characterizing surface coating layers as thin as 
-0.05 μπΊ. 

Raman was involved in various multi-technique studies of organic polymeric 
paint/coating systems 3 7 ' 4 2 ' . Urban and co-workers used various IR techniques, such as 
ATR and step-scan PAS, to complement the Raman analysis 1 4 ' 5 0 . Advantage was 
taken of the complementary nature of the chemical data obtained from these 
techniques. One group combined dynamic mechanical analysis (DMA), dilatometry, 
microscopy and Raman analysis 5 S . In this case, correlations were determined 
between chemical composition, physical/mechanical properties, and the appearance. 
Another group explored a variety of applications of Raman in forensics studies 5 6 . 

ToF-SIMS Analysis 

Secondary ion mass spectrometry (SIMS) is a surface specific analysis tool that 
has been successfully applied in the characterization of paint/coating systems 5 7 ' 6 3 . 
Interfaces obtained through delamination or sectioning techniques have also been 
successfully studied 8 » 5 7 ' 6 4 " 6 7 . Adhesion to pretreated (i.e., plasma, chemical) surfaces 
has been investigated 6 3 , including polymer/polymer and polymer/metal interfaces. 
SIMS uses an ion beam, often in the KeV energy range, to bombard a surface causing 
sputtered emission of ions, neutrals and electrons. Secondary ions, both positive and 
negative, are then analyzed with a mass spectrometer. The combination of a pulsed 
ion source with a Time-of-Flight mass analyzer results in a powerful analytical tool 
characterized by high sensitivity, high mass resolution, and high surface specificity. 
This technique is commonly referred to as ToF-SIMS. During a typical experiment 
only the top monolayers are sampled, thus the high surface specificity. Conditions 
using lower primary ion currents can be optimized to provide spectra containing a 
significant abundance of molecular ions or larger substructure ion fragments. This can 
provide extensive composition and structural information about the outermost 
polymeric surface. Higher primary ion currents cause higher levels of molecular 
fragmentation, typically results in very complex spectra, which can be difficult to 
interpret. Surface isotopic tracer studies have been reported in the context of 
monitoring chemical modification or degradation 8 ' 6 8 . Herein the isotopic species can 
often be conveniently monitored to determine surface reaction mechanisms and 
kinetics. 

Interfaces between paint/coating layers have been chemically characterized by 
either delamination or sectioning (co-planar to the surface) or by high-resolution 
techniques looking directly at cross-sections of the system 6 4" 6 7. A major application 
of ToF-SIMS analysis to coating characterization has been depth profiling by analysis 
of microtomed cross-sections. Having a resolution of ~2 μ spot size permits detailed 
analysis of a cross-section, either in line-scan or raster (multi-line) mode 8 ' 4 6 . Line-
scan images can be created from a single pass (string) of spectra, which is quickest, or 
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from averaging two or more passes of spectra, which takes longer, but allows for 
spectral averaging. Gerlock et al. developed a technique for determining the extent of 
photooxidation as a function of depth by photoiyzing coating samples in the presence 
of 1 8 0 2

 6 8 . These experiments have been critical in elucidating the mechanisms of 
various delamination failures. Other researchers have also reported results involving 
exposures to both 1 8 0 2 and H 2 0 1 8 8 . As a general ruie-of-thumb, if the level of 1 8 0 is 
high, then that locus of a system is more reactive and (thus) susceptible to degradation 
in performance. In other words, less chemical change suggests a more durable system. 

The depth distribution of automotive paint/coating system light stabilizers has 
been determined by ToF-SIMS analysis. In this case microtomed sections co-planar to 
the surface were obtained and extracted by supercritical fluid extraction (SFE). 
Thereafter the SFE extracts were analyzed by ToF-SIMS 6 9 ' 7 0 . 

UV-Vis Analysis 

The UVA concentration as a function depth into the coating can be analyzed by 
transmission UV/VIS-microscopy using thin layer cross-sections, which must be 
supported flat and securely on an X-Y micro-translating stage. This technique 
monitors all UV/VIS absorbing species encountered in the beam path, including UV-
screeners (UVA's) and certain paint/coating system degradation products. Gerlock et 
al. have reported UV/VIS depth profiling with cross-sections -10 μπι thick 1 2 . As 
before, such thin layer cross-sections can be obtained by use of microtomic 
techniques. The small cross-sections must be handled carefully and are immobilized 
on a UV-transmitting quartz slide. Longer chain terminal alcohols, ranging from n-
hexanol to n-decanol, are useful for this purpose. They have no UV absorption over 
the wavelength range of interest and effectively immobilize the sample onto the quartz 
surface. Masking of the incident beam to a small rectangle has been done, -5 μπι wide 
(along the normal depth axis) with variable length (parallel to the surface). Note that 
the mostly particle free clearcoat layers give the highest quality spectra relative to the 
other particle containing system layers. Scattering of the incident UV/VIS radiation 
can be quite substantial, even for these relatively thin sections. Therefore, most 
UV/VIS transmission-mode analyses that have been reported are on clearcoats or 
particle-free binders of other layers. 

Transmission-mode analysis by monitoring UV absorbing extractables in 
paint/coating sections microtomed co-planar to the surface can also be very effective. 
Haacke et al. and Adamsons et al. have reported studies of clearcoats and 
clearcoat/basecoat bi-layers71"76. Commercially available 'slab' microtomes allow the 
user to routinely prepare -2 cm χ 2 cm sections co-planar to the surface in the -5-10 
micron thickness range. Such sectioning permits use of full (or 'real world') 
automotive systems, not just isolated clearcoat layers. Once sections are obtained, 
solvents such as CH 2C1 2 or chloroform are effective for extracting UVA species and 
do not interfere with UV/VIS measurements. Either filtration or centrifigation 
removes solids, in order to prevent particle light scattering. The solutions are stored 
airtight, thus preventing solvent evaporation. 
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HPLC Analysis 

Chromatography-based techniques such as HPLC are quite effective in analyzing 
depth profiles of species extracted from slab-microtomed sections. DuPont 7 6 has 
shown the utility of this approach in study of clearcoats and clearcoat/basecoat bi-
layers. As cited earlier, when using UV/VIS spectrophotometric analysis, a solvent 
appropriate to the material of interest is used to extract each section. In fact, the same 
solutions obtained in the previous case in study of UVA's and HALS can be used for 
HPLC analysis. The chromatographic signals obtained for a given sample are 
normalized to the amount of material extracted. 

ESR Analysis 

Electron Spin Resonance is useful for monitoring free radicals in materials. It has 
been used in coatings to measure free radical formation rates and HALS stabilization 
chemistry 5 ' 7 . In this technique, the sample is placed in a strong magnetic field that 
splits the energy levels of unpaired electrons (free radicals). The Zeeman splitting is 
monitored by probing the sample with microwave radiation. For quantitative 
applications such as those described here, it is necessary to develop careful sample 
preparation and placement procedures 7 7 . 

Applications for Coating Development 

UVA Permanence: Evaluation of Accelerated Test Protocols 

As noted above, UVA permanence in automotive coatings is a critical factor in 
basecoat/clearcoat delamination. The UV-fortification package plays a key role in 
long-term durability of a clearcoat and, hopefully, the lower layers and interfaces of a 
coating system as well. Conventional weatherability testing only reveals delamination 
problems after 3-5 years exposure in Florida. Accelerated weathering tests did not 
usually reproduce this failure mode. Thus, selection of UV-fortification packages 
required very long exposure times (>5 years under field conditions). The fundamental 
studies of UVA loss have provided techniques that can reduce the evaluation time to 
~1 year or less. UVA content and distribution have been followed in materials 
exposed both outdoors (in various climates around the world) and under accelerated 
conditions (i.e., QUV, Xenon boro/boro, Cleveland Humidity Cabinet). This type of 
fundamental information provides product designers with important feedback in the 
selection of the final UV-fortification package. Selection of a UVA species includes 
factors such as permanence, stability, amounts required, and cost. 
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It is important to understand why conventional accelerated tests failed to predict 
UVA loss and basecoat/clearcoat delamination. Studies have been conducted to 
determine the UVA depth profiles for clearcoats in automotive coating systems for 
different exposure conditions. The depth sampling was performed using co-planar 
microtoming followed by extraction as described above. Depth profiles are shown in 
Figures 1-3 after 2000 hours exposure under standard QUV, UV-only and CHC 
conditions. From comparison of loss rates in these exposures with those observed in 
outdoor exposures, it can be concluded that exposures which use short wavelength 
light to accelerate degradation do not proved adequate acceleration for UVA loss 
relative to photooxidation and are likely to miss that failure mode. 

Monitoring Clearcoats and Multi-layer Paint Systems As a Function of Exposure 
Time: Additive Selection 

FT-IR studies of clearcoat photo-oxidation have provided numerous insights into 
coating weatherability that have resulted in the development of improved materials. 
For example, FT-IR has been used to analyze the rate of photo-oxidation in a coating 
with various types/levels of UV fortification. FT-IR is sensitive to relatively small 
changes in chemistry, which allows rapid evaluation of photo-oxidation rates under 
outdoor-like (accelerated) exposures. Figure 4 shows a typical acrylic polyol / 
melamine cross-linked type of clearcoat formulation either unfortified, fortified with 
UVA only (at standard loading levels), fortified with HALS only (at standard loading 
levels), or fully fortified. The objective was to determine the effectiveness of UVA or 
HALS alone, and in combination. Figure 5 shows the same acrylic polyol / melamine 
cross-linked clearcoat formulated at varying levels of UVA and no HALS. The 
objective was to determine the effectiveness of a particular UVA at various 
concentrations. Analogous studies have been conducted to determine the effectiveness 
of a particular HALS at various concentrations and to evaluate different HALS under 
different exposure conditions 6. These results clearly showed that a common photo-
stabilizer that performed well in harsh accelerated tests was not effective under milder 
conditions. This led to the development of improved HALS materials that have been 
incorporated into most automotive coating systems. 

FT-IR has also been used to compare the rate of photo-oxidation of coatings 
made from polymers created by different polymerization methods 3 . The technique has 
identified solvents, initiators and catalysts that produce polymers having greater 
weatherability. The results led to modifications of conventional polymerizations to 
improve overall coating durability. Again, the sensitivity of FT-IR allowed for rapid 
analysis of relative performance under outdoor-like exposures. Clear indications of 
performance (and, to an extent, service lifetime prediction) can be seen in a few 
thousand hours of accelerated exposure allowing for rapid, reliable formulation 
evaluation. 

ToF-SIMS is a very effective technique for evaluating the rate of photooxidation 
at different levels in the coating. This can lead to insights into the role of basecoat 
formulation on basecoat/clearcoat delamination at different levels of UVA protection. 
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Xe B/B Exposure Time 

Figure 5. Increase in photooxidation with exposure to Xenon Arc (boro-boro filter) 
for a standard thennoset acrylic as a function of concentration of UVA. 
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ToF-SIMS can also be used to differentiate between photooxidation and hydrolysis as 
a degradation mode. Studies to track hydrolysis and water adsorption have been 
conducted using an exposure chamber where systems are exposed to H 2 0 1 8 vapor at 
standard temperatures, but no irradiation (dark). Monitoring the impact of O 1 8 

containing water vapor gives a product developer additional input on probable long-
term durability in humid environments. Extensive hydrolysis at/near to a surface or 
interface (i.e., clearcoat//basecoat) can breakdown the mechanical integrity of the 
system in that region. Also, surface roughness due to material erosion will increase. 
Like photo-oxidation, hydrolysis can then impact mechanical performance and 
appearance, respectively. Knowledge of the hydrolysis resulting from specific 
exposure time/conditions is often critical in selecting components in a formulation. 

Fundamental Measures of Scratch Performanc: Effects of Cure and Aging 

Studies have been undertaken to explore the correlations between cure and 
mechanical performance changes in an automotive clearcoat as a function of initial 
cure and aging. Cure was assessed using IR analysis of the ratio of unreacted 
isocyanate to styrene. Chemical measurements were compared to swelling measures 
of cure. Mechanical property measurements include hardness, % elastic recovery 
after deformation, the critical coefficient of friction, and the critical normal and 
tangential loads to fracture. The friction and load measurements were made using a 
microscratch nano-indentor. The nano-indentor provides quantitative information 
about scratch and mar performance that is more reproducible than conventional test 
methods. 

Results for the various measurements are reported in Table I. The initial low 
state of cure is evident by a large residual isocyanate signal in the IR and by a high 
swell ratio. The poor network formation results in a soft coating with low elastic 
recovery. The critical normal load to fracture is also low while the critical friction is 
high. This results in poor scratch and mar resistance relative to the well-cured system. 
The well-cured coating does not change significantly on room temperature aging. The 
conversion of the small amounts of residual isocyanate does not significantly change 
the network structure or mechanical properties. The low-cured coating gradually 
completes cure over about a week at room temperature leading to mechanical 
properties that are essentially equivalent to the well-cured coating. The implications 
of this result for manufacturing are clear. Under-cured coatings must be handled 
carefully during assembly and shipping to avoid damage while the coating is 
completing its cure. These studies are being extended to evaluate the effects of 
photooxidation and hydrolysis on mechanical property performance. 

Coating User Application: Minimizing In-Service Risk of Failure 

The use of chemical measurements to rapidly compare the performance of 
different formulations has already been discussed as a tool for rapid coating 
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development. It is often necessary to make changes to a coating formulation after it is 
in production. There is rarely time to "requalify" the coating using conventional long-
term exposures. Chemical measurement may either be used to demonstrate that the 
change did not impact weathering performance, or, in the case of a weathering issue, 
to demonstrate that the change is at least going in the right direction. As the supplier's 
use of fundamental measurements becomes more routine, the need for the coating 
customer to duplicate such measurements will diminish. Users will be able to evaluate 
chemical and mechanical test results provided by suppliers to determine the wisdom 
of a particular contemplated change. 

While comparison of the performance of two or more coatings allows one to 
select the "best" coating for weathering performance, it does not provide information 
as to whether or not the "best" was good enough or indeed, if the "worst" was also 
good enough. In general, there will always be a relationship between the risk of 
failure and the level of weathering performance of a coating. It is not a trivial matter 
to determine what that relationship is. While it is possible to relate the incidence of 
in-service failures to the level of coating performance for some coating systems and 
some failure modes, having to rely on the existence of in-service failures to determine 
the relationship, hardly a desirable state of affairs. The fundamental mechanistic 
studies play a critical role in developing such relationships. There will also be a 
relationship for a particular coating technology, between the performance of that 
coating and its cost. The goal of the coating user is to minimize the cost of coating the 
product while insuring that the risk of failure is tolerable. In the case of 
basecoat/clearcoat systems, this is made more difficult by the fact that the most serious 
failure modes occur abruptly and cannot be easily repaired. Thus, unlike gloss loss in 
monocoats, there is no early warning of failure and the cost of failure to the company 
is large. Under these circumstances, the use of fundamental measurements in service 
life prediction becomes a necessity rather than a luxury. 

The first step in applying fundamental mechanistic information is the creation of 
failure models for all the critical failure modes. This is necessary since the 
fundamental measurements provide indirect (as opposed to direct, visual 
measurements) indications of performance. From basic mechanisms of failure, we 
establish what parameters to measure for particular failure modes. Then, since the 
goal is to generate absolute criteria for performance, it is critical to have a quantitative 
relationship between the parameters that are being measured and the absolute 
performance (time-to failure for all failure modes). Failure models have been 
discussed in detail previously 7 8 . We will use the failure model created for 
basecoat/clearcoat delamination to illustrate how fundamental measurements can be 
used to insure that risk of this particular failure is minimized in service. The failure 
model for this particular failure is given in Eq. 1 

T F = EX TBC+EX'^~L 
k 

(1) 
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where TF is the time-to-failure distribution function, EX is the photooxidation 
harshness distribution function relative to Florida, T B C is the time to delamination for 
unprotected basecoat in Florida exposure, EX' is the distribution function for UVA 
loss relative to Florida, Ao is the initial absorbance per unit thickness of UVA, k is the 
rate of loss of UVA in Florida, and L is the minimum clearcoat thickness distribution 
function. The first point that has to be made is that many of the critical parameters are 
in fact distribution functions. What we are really calculating is the percent of likely 
failures at a given time in a given market for a given coating. For example, we may 
set a criterion that a coating system must satisfy 90% of all customers in a given 
market after 10 years in service. This means that at most 10% of customers at 10 
years in service will perceive any failure. For any catastrophic failure (delamination, 
cracking), we can set particular performance expectations (e.g., no more than 5% for 
either delamination or cracking after 10 years in service). 

One critical point in the application of fundamental mechanistic studies to 
practical service life prediction is that the failure model that is developed (i.e., Eq. 1) 
required a large amount of fundamental measurements to derive. From the basic 
mechanism of delamination to the dependence of the rate of UVA loss on 
environmental variables, fundamental studies were essential to the development of the 
failure model. 

Based on Eq. 1, for this failure mode, it is clear that there are three material 
parameters and one application parameter that have to be measured. The application 
parameter, minimum clearcoat film thickness, has to be measured on actual vehicles. 
Of the material parameters, one can be determined from initial properties (the total 
clearcoat absorbance). The others, basecoat stability and UVA loss rate, have to be 
measured by exposure. The stability of the basecoat can be measured either by 
exposing UVA free systems until delamination occurs or by using ToF-SIMS to 
monitor photooxidation at the basecoat/clearcoat interface. The rate of loss of UVA 
can be determined from relatively short exposures based on validated kinetic models 
of UVA loss. By parameterizing the failure mode, it is possible to greatly shorten the 
time required for evaluation without using accelerating exposure conditions. For 
example, demonstration of performance against this failure mode could require 
exposures as long as 10 years outdoors. UVA loss rates can be measured in a year or 
two. Basecoat stability can be determined in 2-4 years. Thus, 10 year performance 
can be anticipated in at most 4 years of exposure. Even shorter times (-0.5 years) are 
possible using accelerated tests whose acceleration factor has been validated using the 
appropriate chemical measurements. 

Using this approach requires that quantitative failure models be developed for all 
failure modes of interest. In a previous paper, several failure models were proposed 
7 8 . One failure for which there was no good failure model was failure by cracking. 
Recent work presented elsewhere in this volume describes the use of fracture energy 
as a parameter to correlate with cracking failures. With the addition of fracture energy 
measurements to the critical parameters, it is possible to anticipate all known 
basecoat/clearcoat-weathering failures using fundamental measurements. 

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

00
9

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



181 

Another aspect where fundamental studies play a critical role is in developing 
relationships between in-service performance and performance in outdoor and 
laboratory exposures. Fundamentally, developing these relationships involves 
determining the dependence of critical performance variables on environmental 
variables. For most coating failure modes, the critical variables are either 
photooxidation or loss of UVA. As noted in Eq. 1, these two processes have different 
dependences on environmental factors. The rate of UVA loss has been found to 
depend mostly on UV light dose 7 9 . The rate of photooxidation is a complex function 
of light intensity, wavelength distribution, temperature, and humidity 7 9 . By 
measuring the rate of photooxidation under different controlled experimental 
conditions, it is possible to develop models for the dependence of photooxidation on 
environmental variables for different materials. When combined with environmental 
data from different regions or data from laboratory tests, it is possible to construct in-
service exposure distribution functions or compute laboratory acceleration factors 
relative to standard Florida exposures 7 9 , 8 0 . This allows the user to set specific 
performance targets in terms of years of performance in standard outdoor exposure 
tests for given market regions. These targets then get converted to performance 
targets for specific parameters or combination of parameters (e.g., basecoat stability 
and UVA loss). Studies of acceleration factors in laboratory weathering tests help 
select more appropriate accelerated tests and test conditions as well as to provide a 
means to understand and control test variability. Of particular importance is the 
identification of exposure conditions that lead to poor predictions of in-service 
performance. For example, the fundamental studies have clearly shown that 
exposures that include UV light shorter than 290 nm tend to distort the degradation 
chemistry and the balance of degradation and stabilization reactions leading to highly 
variable acceleration factors. As a result of these changes, different exposure 
conditions are now being specified. 

Conclusion 

It should be clear that fundamental studies have played and will continue to play 
and increasingly important role in coating development and implementation. In 
addition to shortening development time and establishing more realistic standards of 
performance, the fundamental measurements have a major advantage in that they 
provide the opportunity for a shared knowledge base between the supplier and user. 
Fundamental performance data generated by the supplier can be used by the end user 
and does not need to be redone. This also can shorten time to implementation. In the 
past, a supplier would develop a coating using internally developed methods. 
Validation at the user level would essentially start from scratch on submission. By 
agreeing on fundamental criteria up front, the fundamental data generated during the 
development process can be used to support validation. 
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Chapter 10 

Chemical Depth Profiling of Automotive Coating 
Systems Using IR, UV-VIS, and HPLC Methods 

Karlis Adamsons 

Marshall Research and Development Laboratory, DuPont Performance Coatings, 
3401 Grays Ferry Avenue, Philadelphia, PA 19146 

Today's high performance automotive coating systems require very 
specific surface, interface and depth profile characteristics to create 
products capable of providing customers (i.e., vehicle 
owners/operators) with desired appearance characteristics and service 
life. This is the case for both original equipment manufacturer (OEM) 
and Refinish targeted systems and associated components. The various 
system components (i.e., clearcoat / basecoat / primer / electrocoat on 
zinc phosphate treated steel substrate or clearcoat / basecoat / primer on 
adhesion promoter treated plastic substrate) must be durable, 
compatible and integrate with each other to produce systems that are 
commercially viable. This article focuses on the measurement 
technologies, including IR, UV-VIS, and HPLC based analyses, that 
have been applied in our laboratories on surface/near-surface and depth 
profiling study of automotive coating systems. 

The relationship of chemical functionality, material distribution, and 
network architecture to product performance (i.e., chemical resistance, 
mechanical performance and appearance characteristics) can be best 
understood by knowledge of system composition as a function of locus. 
The measurement technologies detailed herein are broadly available, 
although the sampling techniques involve specialized expertise and 
equipment. Each of these analytical tools will be covered from the 
applications viewpoint. Hopefully, this will provide researchers insight 
into application of these tools in addressing their own characterization 
needs and technical managers with the incentive to invest in such 
analytical capability. 

© 2002 American Chemical Society 185 
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Introduction 

A wide variety of sampling techniques and measurement technologies have been 
used for surface, interface, and depth profiling analysis in the study of 
automotive OEM and Refmish coating systems w w « W M W i i a b i H t y 

to obtain detailed chemical composition, physical property, and mechanical 
performance information for a given layer, or on a multi-layered system, will be 
increasingly important in designing future systems. The primary advantage for 
these types of information is that change(s) can be identified and monitored well 
in advance of appearance change(s) being detectable. Appearance changes are 
usually detectable only after a period of time sufficient for damage to 
accumulate and (in turn) manifest as macroscopic events (i.e., gloss loss, 
delamination, cracking, and erosion). The induction time is longest for 
appearance changes to be monitored, but considerably shorter for chemical, 
physical and mechanical changes. The ability to follow changes earlier and to 
correlate them with time-to-failure offers coating system developers a much 
sought after means of service life prediction. Coating system consumers are 
demanding products that have long-term durability with respect to appearance, 
while also maintaining their resistance to chemical and mechanical damage. 
Development of these systems requires that one can readily determine die 
chemical composition and associated properties following initial system cure, as 
well as outdoor/accelerated exposure time/conditions, and to do so in a 
competitively short timeframe. 

Automotive coating suppliers and automobile manufacturers have long 
relied on appearance-based measurement technologies to monitor finish 
condition and durability. Measurements commonly used include gloss, 
distinctness of image, orange peel, and haze. The primary limitation in using 
appearance-based measurements to determine coating system durability is in the 
time required for significant (i.e., measurable and reproducible) changes to take 
place. Years may be required for significant appearance changes to take place in 
many outdoor environments. Chemical, physical and mechanical changes can 
often be reliably monitored well before appearance-based changes are sufficient 
to be measured. The demand for decreased cycle time in the development of 
new coating products is (effectively) forcing the coatings industry to identify 
methods to take advantage of these other property changes in predicting 
durability or service life. 

A better understanding of the chemistry, including factors like component 
concentration heterogeneity, segregation and stratification effects, interlayer 
mixing, and/or migration, is becoming essential to creation of current/future 
high performance products. This understanding permits controlled, customer-
guided evolution of products with tailored chemical composition, physical 
properties, mechanical performance and appearance characteristics. Often a 
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multi-technique approach, using routine as well as state-of-the-art technologies, 
is necessary to adequately characterize and (thus) understand these systems 
1,2,16,22,26,38,56 ^ ς ^ ^ ^ described herein can provide complementary types 
of chemical information. This, in turn, can result in a more detailed view of 
chemical composition and component distribution, particularly as a fonction of 
factors such as system preparation, application, and environmental exposure. 

Levels of complexity inherent in the design of coating systems (Figure 1) 
can be targeted with appropriate measurement technologies. Analysis of the 
general chemistry present in a coating layer, but non-locus specific, is done to 
provide basic information on the overall chemical composition. Analysis of 
chemical detail with respect to morphology is done to establish the locus or 
distribution of chemistry. Here morphology is taken in a three-dimensional 
context, not just surface topology. Analysis of chemistry with respect to 
properties such as acid etch resistance, scratch & mar resistance, surface/bulk 
hardness, and solvent transport, is done to determine if desired product 
characteristics have been achieved. Analysis of overall performance usually 
includes a combination of chemical, physical, and mechanical factors. 
Knowledge of the correlations between these factors, even if somewhat 
incomplete, has been found very useful in design of state-of-the-art coating 
systems for our automotive finishes customers. 

The ability to realistically approximate the durability or service life 
performance of a coating system is becoming increasingly important 6 3 , 6 4 . 
Measurement technologies are continuously being identified and applied for this 
purpose. The more accurate the service life predictions, the better in terms of 
risk management for the product supplier. They allow one to significantly 
decrease the time required to bring a product to the marketplace and provide 
confidence as to a product's (probable) long-term performance. Reducing the 
cycle time in product development gives one a critical advantage in today's 
competitive marketplace. It is well known that the "window of opportunity" in 
the automotive finishes marketplace is getting ever shorter for specialized, high-
performance coating system products. Success or failure in realizing such 
marketplace opportunities can rapidly determine the success or failure of the 
supplier's business. From the standpoint of the direct product consumers (i.e., 
automobile/truck manufacturers and refinish shops), such predictions on long-
term performance provide confidence and opportunities for risk management as 
well. Ultimately, their success or failure in the marketplace is dictated by the 
degree of customer (i.e., vehicle owner/operator) satisfaction. 

The primary focus of this review is on chemical analysis at a given coating 
system locus, however studies involving correlations between chemistry and 
other types of properties will be included as appropriate. Specific correlations 
between chemical composition and appearance, physical/mechanical properties, 
or morphology have been identified. These correlations, when well founded, 
help product developers quickly determine performance under field or 
accelerated exposure time/conditions. It is also believed that such correlations 
offer developers a much more intimate and detailed understanding of system 
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architecture. This also provides developers with the ability to optimize their 
product to suit a coating product consumer's needs. 

Multi-layered automotive systems are applied on either metal or plastic 
substrate as shown in Figure 2. Clearcoat/basecoat (CC/BC) systems, which are 
widely used on both zinc/phosphate treated steel or on plastic substrates have 
been used to demonstrate the utility of the various measurement technologies. 
Common system dimensions are as follows: clearcoat is -40-50 μ (microns), 
basecoat is 30-50 μ, primer is -20-30 μ, and electrocoat is -20-30 μ. Note that 
each of these system layers is on the order of 20 to 50 μ in thickness. Effective 
composition profiling of these systems as a function of depth requires 
techniques with either superb spatial and depth resolution and/or specialized 
sample preparation. Applications reported in this review are from the 
automotive industry, although it is expected that these techniques can be 
successfully used in detailed examination of other coating systems. Many 
applications are possible in areas as diverse as building materials, coil coatings, 
Teflon® cookware, maintenance finishes, food/pharmaceutical packaging, 
barrier/transport layers, electronic components and solar cells. 

Surface / Near-Surface Characterization: Chemistry 

Surface specific chemical characterization methods applied in study of 
automotive coating systems involve various types of probe beams (i.e., photons, 
electrons, ions), analysis beams (i.e., photons, electrons, ions), sampling depths, 
detection limits, spatial resolution (including lateral and height), and chemical 
information (i.e., elemental, functional groups, oxidation states). This article 
focuses on the various measurement technologies, specifically IR and UV-VIS, 
and associated sampling techniques routinely used in these studies. A brief 
review of these methods, as well as Raman, ToF-SIMS, and ESR analysis, is 
available in this volume under the title The Role of Fundamental Mechanistic 
Studies in Practical Service Life Prediction. 

Infrared Analyses (Surface/Near-Surface or Thin Layer Volume Element). 
Infrared (IR) analysis has had a long and successful history in surface/near-
surface chemical composition and component distribution analysis of 
automotive coating systems 3 9» 4 4 ' 4 7» 4 8 ' 4 9 ' 5 0 Various sampling techniques and IR 
measurement technologies have evolved and/or been applied in study of such 
systems. Methods including attenuated total reflectance (ATR) 2 6» 2 7 ' 4 0* 5 9

J diffuse 
reflectance (DRIFT) 5 0, photoacoustic (PAS) 1 4 ' 2 4 ' 2 6 , and transmittance u ' 3 8 mode 
experiments have been performed. Their selection depends on the nature of the 
sample, specific locus of interest, domain size and technique 
hardware/software/experience available. Note that the sampling 
technique used determines the volume element, and thus surface or depth 
specificity, achievable. 
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Figure 1. Levels of complexity in design of automotive coating systems. 
Chemistry is most fundamental level. Performance (customer perceived) is the 
most complex level. 

Surface > 
C L E A R C O A T 

(~1.6-2.0 mils or -40-50 microns) 

BASECOAT 
(~0.8 mils or -20 microns) 

< CC/BC Interface 

ΓΛ \ 
PRIMER PRIMER/ADHESION PROMOTER 

(~1 mil or 25 microns) (-0.2-1.0 mil or 5-25 microns) 

ELECTROCOAT 
(~1 mil or ~25 microns) 

PLASTIC 
SUBSTRATE 

Figure 2. Cross-section of typical automotive coating systems: left branch 
illustrates sequence of layers over a steel substrate; right branch illustrates 
sequence of layers over a plastic substrate. Typical layer thickness is given. 
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ATR or transmission mode IR analyses using surface scraped, skived, or 
microtomed sections are generally limited to a depth resolution of -0.5-5 μπι. 
These techniques have been successfully applied using IR spectrophotometers 
configured with a standard sampling compartment or equipped with an IR-
microscope and X/Y- translating stage. The primary advantage of using an IR-
microscope equipped spectrophotometer is in the ability to obtain locus specific 
chemical information on relatively small samples. Experiments have been 
reported using IR-microscopes on samples as small as 30-100 μπι in diameter 
1 ' 2. Often there is a trade-off between IR spectral signal/noise (S/N), resolution, 
and acquisition time. Also, efficient handling of the smaller samples on a 
microscope stage requires additional skill and training. 

Subtle differences in surface/near-surface composition as a function of 
depth can be obtained using different ATR internal reflection elements (IRE's), 
which provide a means to vary the IR beam penetration depth over the -0.5-4 
μπι range 4 3 ' 4 7 . The IRE material used (i.e., typically ZnSe, Ge or diamond) in 
direct contact with the sample, as well as angles of beam incidence/detection, 
determine the penetration depth. Another benefit is that ATR measurements can 
usually be made with minimal, if any, additional sample preparation. Diamond 
is the hardest of the IRE materials and is often used in analysis of materials that 
are quite hard or that possess irregular or roughened surfaces. If sufficient 
contact pressure is applied, then the material opposite the diamond will deform 
to provide uniform surface contact, optimizing the quality of the resultant ATR 
spectrum. Figure 3 illustrates use of ATR analysis to monitor clearcoat 
degradation as a function of Xe B/B exposure time in the -2700-3600 cm"1 

range. An important advancement in recent years has been the design and 
application of IRE's such as ZnSe that have a thin layer of diamond on their 
surface 6 6 to increase their hardness and, as a result, virtually eliminating IRE 
surface deformation. Here the IRE effectively acts as if it is ZnSe, but with a 
much more durable (i.e., diamond) surface. A study detailing hindered amine 
light stabilizer (HALS) reduction in an acrylic clearcoat (i.e., acrylic polyol, 
melamine cross-linked) that was Xe B/B exposed in shown in Figure 4. 

Transmission mode IR experiments can often provide very high quality 
spectra. However, there are practical limits in the thickness of the sample being 
analyzed due to beam attenuation. Typically, one can avoid spectral distortions 
(i.e., primary absorption artifacts and/or scattering) by using sample thickness 
under 5-7 μπι. Surface skiving (micro-planing) or micro-toming are sampling 
techniques useful in obtaining samples in the -2-7 μπι (minimum) thickness 
range from automotive paint/coating materials 1 , 2 when cut at room temperature. 
Normally automotive finishes, including all of the component layers, are 
substantially thicker. Note that many automotive clearcoats are in the -40-50 
μπι thickness range (Figure 2). Such sampling techniques can allow 
surface/near-surface characterization of these materials, as well as depth 
profiling through sequential sectioning. 
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ATR Analysis 
Acrylic/Melamine/Styrene 
Automotive Clearcoat 
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Initial 
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W avenu mbers (cm-1) 

Figure 3. ATR analysis illustrating acrylic/melamine/styrene clearcoat 
degradation as a function of Xenon borosilicate/borosilicate exposure 
time/conditions in 600-3800 cm-1 range. Exposure according to SAE J-1960 Jun 
89 TM. Exposure timeframe: 0-5000 Hrs. 

u 
it ο ο 
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Acrylic/Melamine/Styrene Study D A 

Modified SAE J-1960 Jun 89 c · \ ^ £ 
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3000 3500 4000 

Figure 4. ATR study of hindered amine light stabilizer (HALS) reduction series 
for an acrylic/melamine/styrene based clearcoat. System A (A series) = 0.83% 
HALS. System Β ( • series) = 0.60% HALS. System C ( • series) = 0.40% 
HALS. System D ( · series) = 0.20% HALS. Spectra obtained on Nicolet Nexus 
470 FT-IR ESP spectrophotometer equipped with the Nicolet Smart 
DuraSampl/R ATR system. Photo-oxidation Index vs Xenon 
borosilicate/borosilicate (SAE J-1960 Jun 89 TM) exposure time/conditions. 
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Ford Scientific popularized a type of transmission mode IR experiment for 
study of automotive clearcoats as a function of accelerated exposure 
time/conditions 1 2 , i 6 . Here a uniform, thin layer of clearcoat was applied onto 
the surface of a silicon wafer, targeting an -5-7 μπι thickness following selected 
(usually standard) cure conditions (i.e., time/temperature). A cross-section view 
is shown in Figure 5. The clearcoat application can be easily done by several 
approaches, including spin-coating, draw-downs, or solvent dilution with 
controlled drop spreading. This thickness of the clearcoat gave high-quality 
transmission mode spectra. These clearcoated silicon wafers were thereafter 
anchored onto metal holders whose position in the IR spectrophotometer 
sampling compartment could be highly reproduced. This was done to permit 
monitoring the same area (cross-section) of the sample following each exposure 
period. Although it was realized that such a clearcoat study only approximated 
the behavior of a clearcoat in an actual automotive system, normally containing 
clearcoatA)asecoat/primer/electrocoat/steel or clearcoat/basecoat/primer/plastic 
multi-layers, it was considered useful in rating/ranking of clearcoats. Clearcoat 
performance as a function of photo-oxidation and hydrolysis was determined 
from plots of [OH, NH, COOH]/[CH] area ratios (i.e., photo-oxidation index) 
versus exposure time as shown in Figures 6. The [OH, NH, COOH] value 
includes the hydroxy, amine and carboxylic acid envelop (peak areas) in the 
2200-3700 cm"1 range. The [CH] value includes the methylenic envelop (peak 
areas) in the 2700-3000 cm"1 range. In addition, [CH] area versus exposure time 
was used to follow clearcoat mass loss. This is considered valid as long as the 
sample area (i.e., locus) analyzed is reproduced after each exposure period. 
Commonly, exposures were conducted in an Atlas Weatherometer according to 
SAE J-1960 Jun 89 TM protocol, using a Xenon lamp with an inner/outer 
borosilicate filter set to approximate natural outdoor conditions in the -280-360 
nm range. Subsequently, Ford Scientific researchers had determined that PAS 
analyses of full (or multilayer) automotive systems were a more appropriate 
indicator of real world performance 13>14>26»27>32'e 

Ford Scientific has determined that PAS may be ideally suited for 
monitoring chemical changes associated with photo-oxidation and hydrolysis for 
automotive systems, specifically in clearcoat layers 18»21»32»33'41. Their intent was 
to analyze a relatively thick volume element and not depth profiling per se. 
Earlier they had developed an approach (detailed above) wherein a thin 
clearcoat layer was applied to a (mid-IR range transmitting) silicon wafer 
substrate. These samples were weathered and the resultant chemical change was 
followed by transmission-mode IR analysis. The problem they had with this 
earlier approach was that it only approximated what would happen to a clearcoat 
in an actual automotive system. Here the clearcoat was isolated from the rest of 
the system (i.e., typically including basecoat, primer, and electrocoat on a zinc 
phosphate treated steel substrate). Since normal component or degradation 
species migration between layers of a system (i.e., clearcoat/basecoat bilayers 
are of particular concern) is eliminated, it is not certain how well the earlier 
experiments would predict actual system in-use (or field) performance. Also, 
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Figure 5. Cross-section view of Ford transmission mode IR analysis. The 
silicon wafers used have been either round (-12 mm dia.) or square (-17x17 
mm2). Initial clearcoat target thickness is typically -7 μπι. 

PC 
a. 5 
s 
O 4 
Ο 
υ 
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ο 2 
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Acrylic/Melamine/Styrene A 
Experimental Clearcoat Unfortified^^ ^ 

UVA-Onlv 
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^β^*^™ HALS-Onry 
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Xe B/B Exposure Time 
3000 3500 4000 

Figure 6. IR analysis of an Acrylic/Melamine/Styrene-based automotive 
clearcoat system: Plot of [OH,NH,COOH]/[CH] versus Xenon 
borosilicate/borosilicate exposure time (hours). Key to UV-screener 
fortification: Fully fortified (both UVA and HALS); HALS only; UVA only; 
and unfortified (no UVA or HALS). The clearcoats were applied on Si-wafers, 
exposed, and IR analysis done in transmittance mode. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

01
0

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



194 

the prior transmission-mode experiments limited the thickness of the clearcoat to 
-5-7 μπι in thickness to prevent or minimize spectral (i.e., primary absorption, 
scattering) distortions. Since normal clearcoat layers are -40-50 μπι thick, PAS 
experiments were designed to monitor chemical change in a relatively thicker 
volume element. They targeted an -8-12 μπι thick layer starting at the surface. 
Figure 7 illustrates the point that a full (multi-layered) coating system can be 
routinely analyzed in these experiments. Figure 8 shows a typical exposure time 
data set in the -2700-3600 cm"1 range. Photo-oxidation index values, as 
documented in the CC/Si-wafer studies, are routinely determined to track 
automotive clearcoat degradation. 

DRIFT surface/near-surface analysis of automotive finishes has been done 
using "Si-Carb" (i.e., silicon carbide sandpaper) sampling u ' 6 5 . Surface 
specificity of this approach is in the -5-10 μπι depth range, due to the practical 
limitations of polishing with fine grit silicon carbide sandpaper. This experiment 
is described in Figure 9. 

Selection of sampling approach and measurement technology are often 
dictated by equipment and expertise available. Ideally, the surface specific 
volume element that is targeted in a given experiment is appropriate to the 
chemical information being sought. Our recent experience suggests that ATR 
mode measurements using an IRE (i.e., ZnSe) with a thin layer of diamond at 
the sample contact surface (DiComp™ diamond ATR system) are fast, 
reproducible, and provide ranking similar to that observed with the other 
techniques. This tends to be our technique of choice assuming that the sampling 
volume element is acceptable. PAS mode experiments are also very useful, 
particularly if a less surface specific (thicker) volume element is needed. 

Ultraviolet-Visible Analyses (Thin Layer Volume Element). T-mode analysis 
by a typically configured ultraviolet-visible (UVYVIS-) spectro-photometer can 
be done using thin layer clearcoat application over UV/VIS range transmissive 
substrates (i.e., quartz microscope slides). These clearcoat coated quartz slides 
are indexed so that the position in the sample compartment holder is reproduced. 
This is important in the event of non-uniform coating thickness across the slide. 
Clearcoat thickness in the -6-10 μπι range is used with typical (initial) loading 
levels of UV-screener fortification. Higher loading levels of UV-screeper 
package components or the evolution of significant concentrations of UV-
absorbing degradation products may require use of thinner coating thickness. 
The system chemistry, as well as the exposure time/conditions, dictates this. 

Depth Profiling: Chemistry 

Chemical depth profiling techniques applied in study of automotive coating 
systems involve many of the previously cited techniques found useful for 
surface/near-surface or thin layer characterization. Specific depth sampling 
approaches have been developed and used together with the various chemical 
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Figure 7. PAS mode (IR) analysis can be done on commercial multi-layered 
automotive coating systems. Specified by Ford for their coating suppliers. The 
sample is normally obtained as a small disk (-1 cm dia.) obtained with a 
mechanical punch. Transmission mode (IR) analysis typically uses a thin (~ 7 
μπι) layer of clearcoat on a Silicon substrate or microtome section of clearcoat 
obtained co-planar to the automotive system surface. 

3500 3400 3300 3200 3100 3000 2900 2800 

Wavenumbers (cm-1) 

Figure 8. PAS mode (IR) spectra of an acrylic/melamine-based clearcoat 
subjected to QUV FS-40 exposure over a period of -4000 Hrs. Spectra shown 
cover only the -2700-3600 cm-1 range used in the standard determination of 
photo-oxidation index values. 
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analysis methods to obtain actual chemical depth profiles. Common approaches 
include cross-sectioning of a given layer or multi-layered system, sequential 
microtoming or skiving co-planar to the surface, or Si-Carb polishing through a 
sample. Direct analysis of the material obtained from depth sampling can be 
done using IR, Raman, ESCA, ToF-SIMS, and UV-VIS techniques, to name 
those that are more common referenced. Direct analysis primarily uses the 
spectroscopic techniques in chemical depth profiling. Indirect analysis involving 
solvent extraction can also be done, primarily to monitor additive and 
degradation product locus/concentration as a function of depth. In the case of 
indirect analysis of solvent extracts, spectroscopic, spectrometric, as well as 
chromatographic techniques have been successfully used in chemical depth 
profiling. 

The main reasons for chemical depth profiling are to determine general 
chemical composition or component distribution as a function of depth. In 
practice, this can range from tracking a single species (i.e., additive or 
degradation product), a molecular sub-structure (i.e., repeating unit in a polymer 
chain, cross-linker, or specific functional group), stratification (i.e., gradient 
formation), segregation (i.e., component de-mixing), general composition to 
component mixing, or even migration across interfaces. Targeted areas of 
research involving depth profiling of automotive coating systems are many: 
degree/type of crosslinking after curing 1 7 , S 2 ; depth dependence of cross-link 
density versus glass transition temperature 9 , 1 ° ; UV-screener locus, migration or 
degradation as a function of exposure time/conditions 1 6 ' 6 2 ; surface/near-surface 
versus bulk chemical composition l j 2 ' 3 9 ' 5 1 ; composition at/near interfaces 
20,22,42,54,58. ^ j ^ g photo-oxidation and/or hydrolysis as a function of exposure 
time/conditions w 5 ' 1 9 » 2 0 ' 2 2 » 3 5 ^ ^ . m i x i n g 0 f components between system 
layers 2 0 ; segregation of pigment particles at/near interfaces 4 4 ; interaction 
between pigment particles and binder 5 7 ; defect formation at a given locus 4 7 ; 
monitoring adsorption of moisture; or solvent trapping. 

Infrared Analyses (Depth Profiling). Depth profiling of automotive coating 
systems has been reported using various IR-based techniques, including 
transmittance- (T-), ATR-, DRIFT-, and PAS-mode analyses W' 6 ' 2 5 ' 2 6 . Due to 
the spatial resolution inherent in these techniques, ranging from -10-1000 μπι, 
analysis of typical automotive system layers by cross-section is generally not 
practical. However, a variety of depth-sampling approaches have been 
developed, making many of these techniques quite practical. Also, the wide 
availability of IR-based techniques in many laboratories, and their versatility, 
makes them attractive as tools for routine measurements. The intent in this 
section is to highlight the IR depth profiling techniques that are commonly 
available, including the various associated depth sampling approaches reported. 

T-mode analysis by IR-microscopy can be done using thin layer cross-
sections, which must be supported flat and securely on an X - Y micro-translating 
stage 1 2 , while using appropriate optical masking. These thin layer cross-sections 
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can be obtained by use of microtomy techniques, however section handling 
during the measurements is not trivial, and requires considerable skill and 
training. Often, small cross-sections must be immobilized and supported flat. In 
the case of a typical clearcoat of -40-50 μπι thickness, the spatial resolution 
limits the number of sequential steps for the clearcoat to -4-6 in the normal 
direction. Clearcoat layers, which tend to be optically particle free, give the 
highest quality spectra relative to the other particle (i.e., pigment, mica flake, 
metal flake, latex) containing system layers. Scattering of the incident IR 
radiation by particles (or particle aggregates) in other layers can be quite 
substantial, even for these relatively thin sections. Therefore, most IR T-mode 
analyses that have been reported are on clearcoats or particle-free binders of 
other layers. The particle-free binders are often prepared as models in study of 
binder chemistry degradation. 

T-mode analysis by IR-microscopy is more readily accomplished by 
microtoming -4-10 μπι thick sections co-planar to the surface. A depth profile is 
generated by sequential analysis of these sections 1 1 . Sections from automotive 
systems can be quickly prepared using room-temperature slab-microtomy. A 
convenient size of flat panel section for slab-microtoming is -Γ 'χΓ ' . Caution 
should be exercised in preparation and handling of automotive system sections 
due to their fragile nature. Longer-term outdoor or accelerated aging of 
automotive systems often causes them to become somewhat difficult to section 
and mechanically fragile. Use of very sharp cutting blades (i.e., carbide or 
diamond) and optimizing the cutting angle can minimize this problem. Slightly 
thicker sections can be prepared from exposed samples to help maintain 
integrity of sections during handling. In addition, many slab-microtomes can 
operate under cryo-conditions, which often permit sectioning of weaker, 
degraded coating layers without tearing or shredding. Overall, this approach is 
equally convenient for sectioning a single coating layer (i.e., clearcoat or 
monocoat), a bi-layer (i.e., clearcoat/basecoat), or the entire multi-layered 
coating system (i.e., clearcoat/basecoat/primer/electrocoat). Normally this 
combination of sample preparation and T-mode IR analysis is found effective in 
determining the general chemistry as a function of depth. Stratification, 
segregation or migration of components and changes in cross-linking density 
across a given coating layer, as well as interlayer mixing of components, can 
often be established. Figure 10 gives a clearcoat depth profile of the general 
chemistry. The transmission-mode analyses were done on a Nicolet Magna-IR 
760 FT-IR spectrophotometer equipped with a Nicolet Nic-Plan IR-microscope. 

A potassium bromide (KBr) abrasion technique has been used to follow 
strata in a phenolic-modified epoxy coating 5 \ Depth sampling was done by first 
wetting the coating with a swelling solvent (i.e., hexane, toluene or xylene) and 
then gently abrading the surface with KBr powder. The technique is effectively 
a type of polishing. The KBr/polymer mixture was pressed into a pellet and 
analyzed in T-mode. Repeated polishing of the same area provided a crude 
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Figure 9. Si-Carb sampling for DRIFT mode (IR) analysis of an automotive 
basecoat. An aluminum pedestal is typically used to support the silicon carbide 
(Si-Carb) sandpaper pad. The post was fitted for DRIFT analysis using a 
SpectraTech Applied Systems FT-IR spectrophotometer equipped with a DRIFT 
module. 

I / v . 

SLAB 1 - 140 CHC 2000 HRS 
P.I. = 0.72 

SLAB 2 - 140 C H C 2000 HRS 
P.I. = 0.62 JUA1 
SLAB 3 - 140 C H C 2000 HRS 
P.I. = 0.58 

- T V 
SLAB 4 - 140 C H C 2000 HRS 
P.I. = 0.56 

3500 3000 2500 2000 1500 1000 

Wavenumbers (cm-1) 

Figure 10. Cleveland humidity cabinet exposure series for an acrylic/ 
melamine/silane-based clearcoat layer. Transmission mode (IR) analysis of a 
slab microtomed series. Photo-oxidation index (P.I.) values and general IR 
spectra are given for each section. 
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means of depth profiling. The Si-Carb polishing technique (note below in this 
section) has been used with similar success 1 ' 2 . 

ATR-mode (IR) depth profiling can be done directly from the top surface 
12,40,43 o r £ . o m a r e v e a j e ( i s u r f a c e > Standard internal reflection elements (IRE's), 
by selecting composition and angles of beam incidence, have been used to 
sample (top-down) to various depths. The configuration for this type of analysis 
is done using a typical spectrophotometer sample compartment. Normally, the 
absorption of polymer-based coating systems beyond -10 μπι is (in our 
experience) problematic, often ranging anywhere from spectral distortions to 
total absorption of incident radiation. Since ATR analysis is effectively a top-
down measurement, the volume element being sampled includes spectral 
information from a given maximal depth and all material above this depth. 
Difference (i.e., subtraction) spectra are commonly obtained to help resolve 
spectral detail from a given (sub-surface) volume element. However, penetration 
of radiation through clearcoats is wavelength and material dependent, resulting 
in some uncertainty as to the actual depth element being sampled. Penetration of 
radiation through the other, particle containing, layers have an additional 
complication of light scattering and potentially stronger absorption of radiation. 
This type of ATR analysis is usually limited to surface/near-surface analysis. 
Note that polishing, grinding or microtoming away upper layers can prepare a 
surface from a deeper volume element51. 

ATR-mode (IR) depth profiling can be done directly from microtomed 
sections. Surface roughness caused by the microtome cutting edge or chatter 
during cutting can result in poor contact when using the standard IRE crystals, 
which are often -1/2" χ 3/4" in contact area or even larger. The quality of the 
contact in a single- or multi-bounce IRE is a major contributor to the quality of 
the spectrum. ATR analyses are now possible on surface areas that are -50-
100X smaller in area than traditional elements, using either an IR-microscope 
configured with an ATR-objective 6 7 or the DiComp ™ diamond ATR system 
66,68,69 

Recent developments and availability of ATR-objectives that can be used 
with IR-microscopes have virtually eliminated the IRE/coating contact problem 
6 7 . The size, shape, and applied pressure of the ATR-objective IRE used requires 
an area of -3-4 mm in diameter that is adequately smooth to ensure good 
contact. Automotive coating system layers are sufficiently soft to permit 
excellent contact across the face of the ATR-objective IRE, even when using 
microtomed sections. Note that adequate pressure must be applied to optimize 
contact, and thus quality of the spectrum. 

Another approach involves use of the DiComp ™ diamond ATR design that 
locates a thin diamond layer in optical contact with a focusing element such as 
ZnSe or KRS-5 6 6 ' 6 8 , 6 9 . This provides an ATR system that has a broad spectral 
range and high throughput. It is also corrosion resistant, abrasion-proof, and has 
excellent mechanical strength. 
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The depth resolution obtained via microtoming is thus limited by the 
thickness of the sections. Practical handling at room temperature dictates use of 
sections ~6 μπι or thicker. Automotive coating sections that are thinner than ~5-
6 μπι tend to break apart while handling. Aging of the coatings through photo
oxidation or acid/base hydrolysis tends to mechanically weaken the coatings 
even more (relative to an un-exposed coating), increasing handling difficulty. A 
typical depth profile of an automotive clearcoat layer can be conveniently 
obtained using a DiComp ™ diamond ATR system to obtain the spectra. The 
diamond plate is in optical contact with ZeSe (as the IRE). ATR-mode analyses 
such as these have been routinely done on a Nicolet Nexus 470 FT-IR 
spectrophotometer configured with this ATR system and Nicolet's ESP ™ 
operating system 1 2 . 

DRIFT-mode (IR) depth profiling relies on the use of a Si-Carb polishing 
technique, as detailed earlier in the case of surface/near-surface chemical 
characterization u . This is accomplished by successive application of the Si-
Carb polishing procedure. The depth achieved, or amount of material abraded, 
can be monitored with a profilometer or caliper depth gauge. It has been 
determined that a Dremel ™ drill with variable rotation speed setting control and 
a manually adjustable vertical drill stand can be successfully used in sequential 
sampling. Note that Si-Carb polishing for depth sampling requires considerable 
training and care to be effective in practice. Often the Si-Carb depth sampling is 
somewhat crude, relative to that routinely achieved by microtomy. DRIFT-mode 
analyses have been conveniently done on an Applied Systems / Spectra Tech 
FT-IR spectrophotometer equipped with a powder/Si -Carb disk sampling 
module m . 

PAS-mode (IR) "linear scan" experiments can be readily configured to 
allow for variable depth sampling at a given wavenumber ζ4»25»29»45. These 
measurements can be conveniently done with many commercial FT-IR 
spectrophotometers by changing the mirror velocity to effectively access a given 
sample depth. A detailed discussion of the principles and instrumentation 
required in performing these experiments can be found in the work of 
McClelland et. al. 6 1 . PAS-mode (IR) "step scan" experiments have also been 
applied in depth profiling study of automotive finishes. These measurements 
require an IR spectrophotometer capable of moving the mirror incrementally. 

PAS-mode (IR) measurements have been successfully used by a 
number of laboratories in characterizing automotive, maintenance and fiber 
paint/coating systems. Certain groups have focussed their efforts in study of 
interfacial regions, between coating layers (i.e., CC//BC) and coatings over 
plastic substrates 2 8 ' 3 1 . PAS has been reported in study of particle sedimentation 
processes in pigmented coatings 3 4 and residual unsaturation in photo-cured 
acrylate-based formulations 3 0 . Although nearly all of this work is focussed in 
the mid-IR range, Ford Scientific has also reported applications of PAS in the 
UV range 2 3 . This work was specifically directed at evaluation of the 
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distribution of UV-absorbing benzotriazole-based (UVA) additives in clear paint 
layers as a function of depth. 

Thermoplastic olefins (TPO) are now commonly used in automotive 
bumper and interior fascia component applications. PAS techniques have been 
used extensively in the study of component distribution in TPO 1 3 , 1 4 . The 
primary components of TPO include a crystalline polypropylene (PP) phase and 
an ethylene-polypropylene rubber (EPR) phase. Using PAS they were able to 
determine the distribution of PP and EPR components as a function of depth. 

As cited in the prior Infrared Analyses (Surface/Near-Surface or Thin Layer 
Volume Element) section, selection of sampling approach and measurement 
technology are often dictated by equipment and expertise available. When 
information at a given depth locus (i.e., CC/BC interface, CC particle/defect) is 
desired, PAS mode experiments can often be efficiently configured for this 
purpose. When a detailed chemical depth profile is desired, the combination of 
slab microtomy and ATR (DiComp system) is very efficient, requiring 
minimal data reduction. In all of the IR-based measurement technologies the 
analysis tends to be top-down, rather than from a cross-section. The practical 
analysis spot size is the limiting factor. Technologies such as ToF-SIMS or 
Raman microprobe may be better suited to cross-section depth profiling due to a 
much smaller analysis spot size (< 2 μπι dia.), but are in general significantly 
more expensive and/or training/experience intensive. 

Ultraviolet-Visible Analyses (Depth Profiling). T-mode analysis by ultraviolet-
visible (UV/VIS-) microscopy can be done using thin layer automotive system 
cross-sections, which must be supported flat and securely on an X - Y micro-
translating stage. Figure 11 provides a diagram of sample preparation steps for 
obtaining clearcoat cross-sections that can be handled relatively easily on a 
stage. Figure 12 provides a diagram of the depth profiling analysis. This 
technique monitors all UV/VIS absorbing species encountered in the beam path, 
including primarily UV-screeners (UVA's), hindered amine light stabilizers 
(HALS) and certain paint/coating system degradation products. Note that the 
beam path is effectively a function of the beam cross-section and thickness of 
the microtomed section. The cross-section handling is essentially identical to 
that detailed earlier for T-mode analysis by IR-microscopy. Ford Scientific has 
reported UV/VIS T-mode depth profiling with cross-sections as thick as -10 μπι 
1 6 . As before, such thin layer cross-sections can be obtained by use of standard 
microtomy techniques. The small cross-sections must be handled carefully and 
are immobilized on a UV-transmitting quartz slide. Longer chain terminal 
alcohols, ranging from n-hexanol to n-decanol, are useful for immobilizing the 
samples. They have no UV absorption over the wavelength range of interest and 
effectively immobilize the sample onto the quartz surface. Masking of the 
incident beam to a small rectangle has been done, -5 μπι wide (along the normal 
depth axis) with variable length (parallel to the surface). Note that the mostly 
particle free clearcoat layers give die highest quality spectra relative to the other 
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Figure 11. UV-VIS depth profiling sample preparation. This technique uses a 
X-Y translating stage and a UV-VIS microscope. Key: (1) Multi-layered 
automotive coating system; (2) Clearcoat is isolated from automotive coating 
system; (3) Clearcoat section is potted on edge showing cross-section; and (4) A 
slab microtome is used to obtain cross-section of clearcoat embedded in potting 
medium. 

Figure 12. UVA depth profile across an automotive coating system 
clearcoat/basecoat bilayer. UVA is benzotriazole type. Microtome section 
thickness is ~7 μ'β. The first 6 sections from the coating system surface are 
clearcoat. The next section is primarily basecoat. The final section is only 
basecoat. Note evidence for absorption in the 260-300 nm range, which is not 
due to the UVA additive, but probably degradation species. 
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particle containing system layers. Scattering of the incident UV/VIS radiation 
can be quite substantial, even for these relatively thin sections. Therefore, most 
UV/VIS transmission-mode analyses that have been reported are on clearcoats 
or particle-free binders of other layers. 

T-mode analysis by monitoring UV absorbing extractables in coating 
sections microtomed co-planar to the surface can also be very effective. Figure 
13 provides a diagram of the analysis. Successful study of clearcoats and 
clearcoat/basecoat bi-layers has been reported 3'4'5»6»7»8»10'n»12

i in a number of 
cases the use of IR and ToF-SIMS analyses has also been reported to monitor 
UVA and HALS adsorption to certain pigment and ultrafine oxide particles 
3,4,6,7,8 ^ s o i v e n t appropriate to the material of interest to extract each section 1 2 . 
For example, extraction of UV/VIS absorbing UVA's or HALS commonly 
encountered in the automotive industry is readily accomplished with solvents 
such as methylene chloride (CH2C12) or chloroform (CHC13). Since these 
solvents do not absorb in the wavelength range of interest (-260-460 nm), the 
extract solutions can be analyzed directly with a UV/VIS spectrophotometer. 
Filtration or centrifigation techniques can be used to remove solids, in order to 
prevent particle light scattering. The solutions are stored airtight, thus preventing 
loss of solvent through evaporation. The UV/VIS absorption is then normalized 
to the amount (i.e., weight) of material extracted. Figure 14 shows a (primarily) 
benzotriazole-type UVA depth profile in a clearcoat subjected to various 
common (degradation) accelerating environments. This experiment allows 
comparison of different environments such as those found in UV, QUV and 
CHC exposures with respect to UVA permanence. Issues of non-bound, 
benzotriazole-type UVA migration, extraction and/or degradation can now be 
readily addressed. 

High Performance Liquid Chromotography Analyses (Depth Profiling). 
Techniques such as high performance liquid chromatography (HPLC) or 
supercritical fluid chromatography (SFC) have been found quite effective in 
determining depth profiles of species extracted from slab-microtomed sections. 
DuPont has shown the utility of this approach in study of clearcoats and 
clearcoat/basecoat bi-layers 1 2 . As detailed previously, when using UV/VIS 
spectrophotometric analysis a solvent appropriate to the material of interest is 
used to extract each slab microtomed section. In HPLC analysis, the same 
solutions obtained in the previous case in study of UVA's and HALS can be 
used. Depth profiles are obtained when the chromatographic peak areas for a 
given species in microtomed sequence of sections are normalized to the weight 
of material extracted and a plotted as a function of slab locus. Issues of UVA 
permanence, specifically related to type and rate of chemical degradation, 
interlayer migration, and pigment adsorption can now be addressed. 
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State-of-the-Art: Overview 

Chemical composition and depth profiles, including component distribution/re
distribution, in automotive coating systems can be effectively determined with 
modern analytical tools. This offers a particular advantage to companies that 
research and develop these materials. Knowledge of the chemistry at a given 
locus, and as a function of outdoor/accelerated exposure time/conditions, allows 
one to minimize product development time. This, in turn, allows a company to 
bring products to the marketplace as early as possible, while maintaining high 
confidence as to expected in-field product performance. Tools such as these also 
provide an advantage to direct coating customers (i.e., automobile 
manufacturers) using these materials. Defect identification or at least 
characterization is often possible. In addition, chemical information (i.e., new 
species formation, degradation reaction rates, and/or component distribution/re
distribution) obtained can be used to help predict service life performance. This 
report details analytical tools and methodology that are generally available to 
many laboratories and that have been applied in characterization of these 
systems. 

Surface characterization and depth profiling tools such as those described 
herein allow developers of automotive coating systems an intimate look at 
chemical composition and component distribution. Studies are underway in 
various laboratories to determine correlations between chemistry and physical 
properties or mechanical performance, all of which tend to be early indicators of 
impending appearance and in-use changes. Since chemical changes can (usually) 
be monitored long before appearance changes are observed, tools to document 
chemistry and to track chemical changes have great potential in predicting 
service life performance. Many of the analytical tools for chemical 
characterization are very sensitive and species specific, permitting analyses at 
low concentrations in spite of often complex background matrices. Some of the 
tools are also ideal for identifying species and tracking changes at surfaces and 
interfaces, a function of their relatively high resolving power. Future 
developments in the sampling techniques and analytical methods will inevitably 
increase the efficiency of gathering chemical information, regardless of locus. 
Also, the time required for gathering this information will decrease. Specifically, 
data-basing and data-harvesting tools are being developed, which will permit 
rapid and effective use of this chemical information. 

The focus of the applications detailed herein has been on automotive 
coatings or automotive coating systems, however these analytical tools are 
certainly not limited to the characterization of these materials. In many cases, 
successful applications with other polymer-based materials have been reported 
in the literature. Tools such as these have been used in other areas as diverse as 
textile fibers, flooring systems, pharmaceutical drug-delivery coatings, 
engineering materials, food packaging products, architectural coatings/plastics, 
aeronautical composites, and medical implants. However, many of these tools 
have been developed in recent years and, as a result, applications in many areas 
have not been explored. 
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Chapter 11 

A Brief Review of Paint Weathering Research at Ford 

J. L. Gerlock, C. A. Smith, V. A. Cooper1, S. A. Kaberline, T. J . Prater, 
R. O. Carter III, Α. V. Kucherov2, T. Misovski, and M . E. Nichols 

Ford Research Laboratory, Ford Motor Company, MD 3182-SRL, 
2101 Village Road, Dearborn, MI 48124 

1Current address: Ford Motor Company Central Laboratory, 15000 Century Drive, 
Dearborn, MI 48120 

2Visiting scientist: Zelinsky Institute of Organic Chemistry, RAS, Moscow, Russia 

A variety of spectroscopy and sample preparation techniques are described 
that allow chemical composition changes to be followed for isolated 
clearcoat samples, clearcoats in complete paint systems, and all coating 
layers in complete paint systems as a function of exposure. The analysis 
techniques provide photooxidation rate, ultraviolet light absorber 
effectiveness and longevity, and hindered amine light stabilizer effectiveness 
and longevity information that can be used to dramatically reduce the 
possibility of introducing inferior clearcoat/basecoat paint systems in service. 

INTRODUCTION 

Modern automotive paint systems are both physically and chemically complex.1 

A simple clearcoat/basecoat paint system consists of at least 4 coating layers: 1) 40-50 
• μπι of clearcoat over 2) 15-25 μηι of basecoat, over 3) 20-35 μπι primer, over 4) 20-
25 μπι of electro-coat. The electro-coat (e-coat) layer provides corrosion protection. 
It is electro-deposited on all metal surfaces and cured at temperatures as high as 160-
185°C. The high cure temperature also serves to harden the underlying steel substrate. 

212 © 2002 American Chemical Society 

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

01
1

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



213 

Most e-coats contain aromatic amines and tend to be light sensitive. Spray primer is 
applied over e-coat and cured to smooth the e-coat surface and improve adhesion of 
basecoat. Primers can be pigmented to match basecoat color. Basecoat is sprayed 
over cured primer, solvent is allowed to flash away and clearcoat is applied. 
Clearcoat and basecoat are cured at the same time (wet-on-wet) at temperatures as 
high as 140°C. Clearcoat provides gloss and serves to screen underlying coating 
layers from ultraviolet (UV) light. Variations on this standard paint system are also 
possible. An anti-chip layer can be inserted between the basecoat and primer layers at 
specific points on the vehicle to reduce stone damage. Double layers of clearcoat, 
tinted clearcoat, and double layers of differently pigmented basecoats can be used to 
improve appearance and/or achieve special appearance effects. Each year, these 
variations are combined with new color choices. And, in the future, formulations will 
continue to change to reduce solvent emissions, improve acid etch, scratch, chip and 
mar properties. Taken together, it is obvious that the automotive industry will 
continue to introduce a large number of "new" paint systems. From the long-term 
weathering performance point of view, every paint system change represents a step 
away from proven to non-proven weathering performance and opens the possibility 
that an inferior paint system will be placed in service. 

The most reliable way to reduce the risk of placing inferior paint systems in 
service is to weather samples that accurately represent formulation and process 
variables outdoors at several different exposure locations for many years and observe 
their behavior. Unfortunately, this approach is usually not practical and essentially 
impossible when paint formulations and processes must evolve quickly. As a result, 
decisions must often be based on accelerated weathering test as opposed to actual 
outdoor exposure test results. This situation poses a problem because accelerated 
weathering tests can yield misleading results,11 and they appear to be particularly 
unreliable for clearcoat/basecoat paint systems. 

The apparent decrease in the reliability of accelerated weathering test results for 
clearcoat/basecoat paint systems relative to monocoat paint systems can be attributed 
to at least two factors: 1) loss of appropriate weathering performance feedback 
information, and 2) a dramatic increase in the need for accelerated degradation 
chemistry to match outdoor exposure degradation chemistry. 

The physical behavior of monocoat and clearcoat/basecoat paint systems is 
fundamentally different during weather exposure. Monocoat paint systems tend to 
exhibit soft failures, gloss loss and color fade for example, but clearcoat/basecoat 
paint systems can exhibit hard failures, cracking or delamination, in addition to soft 
failures. The reason for this difference in behavior resides is pigment location. In 
monocoat paint systems pigment tends to limit photodegradation to the paint system's 
surface. During weather exposure, the surface of the paint system degrades and 
binder erodes away to expose pigment particles that can scatter light. As a result, the 
rate at which gloss decreases during the early stages of exposure can provide direct 
insight into long-term weathering performance. In clearcoat/basecoat paint systems, 
erosion of the paint system surface need not expose hard particles that can scatter 
light. Therefore, measurements of gloss need provide little insight into long-term 
weathering performance. In fact, clearcoat/basecoat paint systems can crack or 
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delaminate with little or no warning. It is therefore necessary to weather 
clearcoat/basecoat paint systems until hard failure is observed in order to correctly 
define their long-term weathering performance. 

The chemical behavior of monocoat and clearcoat/basecoat paint systems is also 
fundamentally different during weather exposure for the same reason. That is, 
pigment tends to limit photodegradation to the paint system's surface in monocoat 
paint systems. Thus, removing the surface of a weathered monocoat paint system by 
mild abrasion can reveal non-photodegraded material. This behavior could partially 
explain how accelerated weathering tests that do not accurately reproduce outdoor 
exposure degradation chemistry could have been used to correctly guide the 
development of monocoats paint systems that exhibit excellent weathering 
performance. In clearcoat/basecoat paint systems on the other hand, ultraviolet light 
absorber (UVA) additive(s) is added to the clearcoat to limit the penetration of UV 
light like pigments in monocoat paint systems. However, it is now well understood 
that weather exposure can reduce the concentration of UVA in a paint system's 
clearcoat and allow UV radiation to penetrate deeper and deeper into the paint system 
with time. Accordingly, bulk chemical composition changes as well as surface 
chemical composition changes become possible. When the clearcoat bulk degrades to 
the point that it can no longer cope with environmental stresses, it cracks. If UV light 
is allowed to penetrate through the clearcoat to the clearcoat-basecoat interface, 
degradation of the interface can result in clearcoat peeling. Bulk photodegradation in 
clearcoat/basecoat paint systems as opposed to surface-limited photodegradation in 
monocoat paint systems can explain why accelerated exposure degradation chemistry 
must match outdoor exposure degradation chemistry with great fidelity if an 
accelerated weathering tests is to produce credible results for clearcoat/basecoat paint 
systems. Since many paint systems do not undergo the same degradation chemistry 
during accelerated and outdoor exposure, accelerated test reliability is lower for 
clearcoat/basecoat paint systems than for monocoat paint systems. 

One way to cope with the fundamental differences in the weathering behavior of 
monocoat and clearcoat/basecoat systems is to add chemical change measurements to 
the traditional repertoire of weathering performance tests. Research was initiated at 
Ford Motor Company in the late 1980's to accomplish this task. Early work focused 
on the development of analytical techniques to characterize the influence of polymer 
nature, polymer synthesis conditions, crosslinker nature, hindered amine light 
stabilizer (HALS) nature, and exposure conditions on clearcoat chemical change rates. 
Analytical techniques were developed for isolated clearcoats but not for clearcoats in 
complete paint systems. Bauer has reviewed much of this work.111 Today, a number of 
analytical techniques developed for isolated clearcoats have been extended to 
clearcoats in complete paint systems and in some cases, to every coating layer in 
complete paint systems. In the future, the feedback information afforded by such 
analytical techniques will be used to guide the development of an accelerated 
weathering test that can reproduce the degradation chemistry and mechanical stresses 
associated with outdoor with sufficient fidelity to restore credibility to accelerated 
weathering tests for clearcoat/basecoat paint systems. 
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The present work describes a number of analytical techniques developed to 
follow chemical changes in parts of paint systems and complete paint systems as a 
function of exposure. The work concludes with a brief discussion of "reasonable" 
exposure conditions to obtain credible accelerated weathering test results. Each 
analytical technique is accompanied by results to illustrate its capability. Because the 
purpose of this work is to illustrate analysis capability, not test paint systems, the 
interpretation of results is purposefully held to a minimum. 

PHOTOOXIDATION RATE MEASUREMENTS 

It is generally agreed that photo-thermal oxidation, photooxidation, is the primary 
chemistry responsible for the long-term degradation of paint systems during weather 
exposure outdoors. Accordingly, a number of analytical techniques have been 
developed to quantify the rate at which paint systems undergo photooxidation-induced 
chemical changes during exposure. 

Transmission Infrared Spectroscopy iv«v 

Transmission FTIR spectroscopy provides a ready means to follow chemical 
changes in isolated clearcoat samples as a function of exposure. 

In practice, isolated clearcoat samples are prepared by curing resin on infrared-
transparent silicon disks. Uncured resin is smeared on a disk with a small glass rod 
and the resin thickness is adjusted until the strongest peak in the IR spectrum exhibits 
an absorbance in the 1.5-2.0 range. This usually results in a cured clearcoat film 
thickness in the 8-12 μπι range. There is no need to apply the coating uniformly. In 
fact, if the resin is applied uniformly, spin-coating for example, interference patterns 
become a problem and spectra must be recorded at the Brewster angle.™ A notched 
silicon disk is used in combination with a sample holder with a corresponding peg to 
ensure that spectra are recorded for the same spot as a function of exposure. 

Typical transmission FTIR results are illustrated in Figure 1 for samples 
subjected to SAE J1960 JUN89 weather-ometer® accelerated exposure using 
borosilicate inner and outer filters at 0.55 W/m2 light intensity at 340 nm. Two 
measurements are illustrated, film loss rate and photooxidation product accumulation 
rate. Both measurements provide generic information about the progress of 
photooxidation that can be used to compare the photooxidation behavior of clearcoats 
from different chemical families. No use is made of "fingerprint region" information 
to identify specific degradation chemistry. 

Film loss rates are reported in units of μηι of film lost per 5000 hours of 
exposure. Results are shown for four versions of a series of chemically different 
clearcoats. The four versions examined are: 1) clearcoat without HALS or UVA 
additives, 2) clearcoat formulated with the HALS at the concentration intended in 
practice, 3) clearcoat formulated with the UVA at the concentration intended in 
practice, and 4) clearcoat with both HALS and UVA additives at the levels intended 
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in practice. Film loss rates were determined by extrapolating plots of integrated -CH 
intensity versus exposure to 5000 hours of exposure. Integrated -CH intensity was 
converted to film thickness in μπι using calibration charts determined for known film 
thickness samples. In practice, not all samples actually survive 5000 hours of 
exposure. As shown in the lower part of Figure 1, film loss rates respond to the 
presence or absence of additives and the response can be quite different for 
chemically different clearcoats. 

Photooxidation product accumulation rates in units of Δ[(-ΟΗ, -ΝΗ)/μιη] per 
5000 hours of exposure are illustrated in the upper part of Figure 1. Δ[(-ΟΗ, -
ΝΗ)/μπι] values were obtained by plotting the change in the ratio of integrated -OH, -
NH region intensity (3000- 2500 cm"1) to μπι of film remaining and extrapolating the 
curves to 5000 hours of exposure. Integrated -CH absorbance was converted to μπι of 
film as described above. As noted above, not all samples actually survive 5000 hours 
of exposure. In previous work,lv the change in the ratio of integrated -OH, -NH region 
absorbance to integrated -CH intensity was plotted directly. This treatment operates 
on the premise that -CH absorbance per μπι of film is approximately the same for all 
clearcoats of interest and would not be appropriate to compare low -CH content 
materials like partially fluorinated clearcoats with typical clearcoats. 

Because Δ[(-ΟΗ, -ΝΗ)/μπι] can increase as the result of hydrolysis as well as 
photooxidation, Δ[(-ΟΗ, -ΝΗ)/μπι] measurements need not follow photooxidation 
explicitly. However, the contribution of hydrolysis to the total is usually small in the 
absence of acid catalysts even under accelerated exposure conditions that over
emphasize hydrolysis. As an illustration, the results shown in the lower part of Figure 
2 were obtained for samples exposed behind a 430 nm cut off filter in a proprietary 
test that employs high intensity light in an exposure protocol similar to SAE J1960 
JUN89. As can be seen, the contribution to total Δ[(-ΟΗ, -ΝΗ)/μπι] increase (upper 
part of Figure 2) is <25% of the total even when the total is small, Clearcoats Ν and Ρ 
for example. Thus, for simplicity, Δ[(-ΟΗ, -ΝΗ)/μπι] values are referred to in the 
present work as a measure of photooxidation product accumulation rate. 

As was the case for film loss rates, photooxidation product accumulation rate 
responds to the presence or absence of additives and substantial differences in 
response are observed for different clearcoat chemistries, Figure 1 and 2. 
Interestingly, additive effectiveness does not appear to be distorted by high light 
intensity. In practice, film erosion and photooxidation product accumulation should 
be considered together to obtain a clear picture of photooxidation resistance. 

The results shown in Figures 1 and 2 demonstrate that transmission FTIR 
measurements on isolated clearcoats provide a ready means to compare the intrinsic 
photooxidation resistance of clearcoats from different chemical families and select 
effective HALS, UVA, and HALS/UVA combinations. However, the results need not 
be extrapolatable to clearcoat behavior in complete paint systems because clearcoat 
and basecoat are cured wet-on-wet in complete paint systems. As a result, additives 
and other lower molecular weight components, crosslinker for example, can diffuse 
between the two layers to change the additive content and the chemical composition of 
both layers relative to that of an isolated clearcoat sample. 
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Figure 1. Transmission FTIR Δ [(-OH, -ΝΗ)/μτη] values per 5000 hours of exposure 
(upper) andfilm loss values per 5000 hours of exposure (lower) for chemically 
different clearcoats: SAE J1960 JUN89 using borosilicate inner and outer filters, and 
0.55 W/m2 at 340 nm light intensity. Formulation order within each series of four 
samples is from left to right: 1) no HALS or UVA, 2) HALS only, 3) UVA only, and 4) 
HALS & UVA. 
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Micro-Transmission Infrared Spectroscopy v i i v i i i 

As noted above, measurements of any kind on isolated clearcoat samples need not 
accurately reflect the performance of the same clearcoat in complete paint systems. 
To illustrate, when an isocyanate-based clearcoat is cured wet-on-wet over a 
melamine-based basecoat, non-reacted isocyanate is detectable by micro-FTIR 
spectroscopy more that half way through the basecoat layer. Micro-FTIR 
spectroscopy provides a means to follow chemical changes as a function of weather 
exposure across all coating layers in complete paint systems. 

In practice, an intact clearcoat/basecoat/primer/e-coat paint system chip is 
obtained by bending a test panel. De-adhesion usually occurs between the e-coat and 
the metal substrate unless the paint system is severely degraded. The paint chip is 
then microtomed edge-on to produce a -10 μπι thick cross-section. The cross-section 
is mounted in a KBr compression cell and a portion of the gap between the KBr 
windows is filled with additional KBr. In practice, it can be difficult to reproduce this 
procedure sample to sample. The difficulty can be overcome by gluing paint system 
chips from different tests panels together with a reference material prior to 
microtoming. Microtoming the sample sandwich produces a single cross-section with 
components from every test panel and a reference material whose spectrum intensity 
can be used to compare spectrometer response for other test specimens. 

Typical results from this type of analysis are shown in Figure 3 for Paint System 
1, an acrylic/melamine clearcoat over brown acrylic/melamine basecoat. The sample 
sandwich consists of paint system chips from 0, 1,2, 4, and 5-year Florida exposure 
test panels. The measured intensity ratio (-OH, -NH)/-CH is plotted versus paint 
system depth in μπι across all coating layers because no attempt is being made to 
compare the degree of photooxidation with the degree of photooxidation in other paint 
systems. The shaded area between the test specimens indicates the location of the 
adhesive. The reference material is a thin film of polyacrylonitrile. 

The results for the non-weathered test panel indicate that (-OH, -NH)/-CH varies 
considerably from layer to layer, being highest in the e-coat layer as expected. E-coat 
cross-linking chemistry involves reaction of amine and epoxy functional groups to 
produce pendant hydroxyls. It can also be noted that clearcoat thickness varies 
considerably between allegedly identical test panels. 

As illustrated in Figure 3, (-OH, -NH)/-CH ratio first increases in the surface of 
the clearcoat with exposure and fills in through the clearcoat bulk with continued 
exposure. After 5 years of exposure, a distinct increase in (-OH, -NH)/-CH is visible 
at the interface between the clearcoat and the basecoat. The increase indicates that 
light that can drive photooxidation has penetrated the clearcoat thickness after 4-5 
years of exposure. Photooxidation of the clearcoat/basecoat interface is a strong 
indication that the paint system is at risk of failure by clearcoat peeling. 

These results indicate that micro-FTIR spectroscopy measurements on paint 
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system cross sections can be used to follow the progress of photooxidation across all 
coating layers. However, spatial resolution is limited to -15-20 μπι in the -OH, -NH 
region and decreases with decreasing wavenumber. 

Photoacoustic Infrared Spectroscopy k>* 

Photo-acoustic FTIR spectroscopy provides a ready means to examine the 
chemical composition of a clearcoat's surface in complete paint systems. Analysis 
depth is determined by modulation frequency. A high modulation frequency leads to 
shallow depth analysis and vise versa. The results presented in the present work were 
recorded at a modulation frequency that limits analysis depth to -8-12 μπι in the -OH, 
-NH region. This depth was selected to reduce spectrum sensitivity to surface 
contaminants such as wax and dirt and preclude absorbance by underlying basecoat in 
most paint systems. It should be noted that it is not difficult to envision a paint system 
where in surface photooxidation products selectively erode away to leave relatively 
non-degraded material behind. Under these conditions, PAS FTIR would yield a low 
estimate of the photooxidation rate of the paint system's surface. 

In practice, a 1 cm diameter disk is punched from a test panel or actual vehicle 
component and the PAS FTIR spectrum of the clearcoat surface is recorded. The 
results illustrated in Figure 4 were obtained for clearcoats in complete paint systems 
prepared on steel test panels. A 2.5 χ 5 cm section was cut from each panel for 
exposure and sample disks were punched from the same 2.5 χ 5 cm section as a 
function of exposure. The clearcoat series is the same series examined by 
transmission FTIR spectroscopy on silicon disks. Transmission FTIR and PAS FTIR 
samples were exposed side-by-side as previously described. Results are shown for 
three test panels versions: 1) thin clearcoat, -1 mil (25 μπι), over red and silver 
basecoats, 2) standard thickness clearcoat, -1.8 mils (45 μπι), over red and silver 
basecoats, and 3) standard thickness UVA-free clearcoat over UVA free red and silver 
basecoats. 

PAS FTIR photooxidation product accumulation rates in units of Δ[(-ΟΗ, -
ΝΗ)/μπι] per 5000 hours of exposure were obtained from plots of the change in the 
ratio of integrated -OH, -NH intensity to integrated -CH intensity as a function of 
time. Δ[(-ΟΗ, -NH)/-CH] values were multiplied by -CH intensity per μπι values 
determined for free standing films to convert them to Δ[(-ΟΗ, -ΝΗ)/μπι] values. In 
theory, integrated PAS-FTIR -CH intensity could be used directly for this correction, 
however, absolute PAS FTIR spectrum intensity can be quite variable over time. 
Correcting PAS FTIR -CH intensity is designed to allow clearcoats with different -CH 
content, partially fluorinated clearcoats for example, to be directly compared. The 
correction is approximate. It assumes that PAS FTIR sampling depth in the -OH, -NH 
region is constant for all clearcoats and remains constant with exposure. Dividing 
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integrated -OH, -NH absorbance by integrated -CH absorbance serves a different 
purpose in PAS-FTIR spectrum analysis than transmission FTIR spectrum analysis. 
In transmission FTIR experiments, division by integrated -CH absorbance 
compensates integrated -OH, -NH intensity for film loss as the result of weather 
exposure. In the PAS FTIR experiment, division by integrated -CH intensity 
compensates for detection efficiency. PAS FTIR spectrum intensity can decrease by 
as much as 40% as clearcoat surface roughness increases with weather exposure. The 
use of integrated -CH intensity to correct for signal intensity decrease does appear to 
be justified. Raman spectroscopy measurements on cross-sections of clearcoats in 
weathered paint systems indicate no measurable decrease in -CH intensity from the 
bottom of the clearcoat to its surface as the result of oxidation.lv 

The results shown in Figure 4 clearly reveal that PAS FTIR spectroscopy can 
reveal substantial differences in the rates at which clearcoats undergo photooxidative 
degradation in complete paint systems. Differences in PAS FTIR photooxidation 
product accumulation rates roughly parallel, but do not match differences in 
transmission FTIR photooxidation product accumulation rates for the same clearcoats. 
PAS FTIR analysis reveals no dramatic difference in the photooxidation rate behavior 
of thin clearcoat and standard thickness clearcoats over red and silver basecoats. And, 
the absence of UVA does not have a large effect. 

Imaging Time-of-Flight Secondary Ion Mass Spectroscopyv-xi-xiixiii 

In theory, TOF-SIMS could be used to directly image the 1 6 0 added to paint 
systems by photooxidation. In practice, the small increase in oxygen content, <3% by 
weight, is difficult to image against the large background of oxygen initially present in 
typical coatings, >30% by weight. One way to distinguish the oxygen added by 
photooxidation from that initially present is to expose paint systems in 1 8 0 2 

atmosphere. Under these conditions photooxidation leads exclusively to the formation 
of 180-labeled products whose location can be imaged by 1 80" ion intensity. 

In practice, a 1 cm diameter disk is punched from a test panel and placed in a 
sealed cell with a quartz exposure window. Vacuum is pulled to remove air and the 
cell is brought to atmospheric pressure with 25% 1 8 0 2 in dry nitrogen. After the cell 
has been exposed, the sample disk is removed and bent to free the paint system from 
the substrate. The resultant paint system chip is glued between layers of 180-labeled 
reference film and 5 mm thick pieces of conductive polypropylene using thin pieces of 
hot-melt glue. Pressing the lsO-labeled reference/hot-melt glue/paint system chip/hot 
melt glue/lsO-labeled reference sandwich between pieces of preheated conductive 
polypropylene (<80°C) provides sufficient heat to fiise the assembly. Next, the 
assembly is microtomed edge-on to produce a smooth surface and TOF-SIMS is used 
to image 1 8 0- ion intensity across all coating layers with 1-2 μπι spatial resolution. 
The lsO-labeled reference material is an epoxy/acid clearcoat synthesized to contain 
l%by weight 1 8 0. The clearcoat is cured on thin Tedlar sheets. The reference 
material is used to calibrate the 180"-ion signal from the paint system chip and allow 
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O'-ion signal intensity to be corrected if the sample is not level in the spectrometer. 
Mounting the 180-labeled reference/hot-melt glue/paint system chip/hot-melt glue/ lsO-
labeled reference sandwich between pieces of conductive polypropylene is necessary 
to reduce sample charging during analysis. 

The series of l sO'-ion images shown in Figure 5 was obtained for an 
acrylic/melamine clearcoat over a dark gray basecoat paint system, Paint System 2. 
The test panel had been weathered in Florida for 5 years prior to additional UV 
exposure. The uppermost image was recorded prior to additional UV exposure in 
25% 1 8 0 2 in nitrogen atmosphere. A low intensity 180"-ion signal from naturally 
abundant l s O is present. An intense 1 80'-ion signal from the lsO-labeled reference 
film is visible on either side of the paint system chip. The middle image shown in 
Figure 5 was obtained after a sample was exposed facing away from the light during 
exposure in 25% 1 8 0 2 in nitrogen atmosphere for 1000 hours. The image indicates 
that the Paint System 2 undergoes considerable thermal oxidation during accelerated 
exposure. The temperature within the exposure cell is typically > 65°C. Finally, the 
lower image in Figure 5 was recorded for a sample facing the light during continuous 
exposure to borosilicate inner and outer filtered Xenon arc light at 0.45 W/m2 intensity 
at 340 nm for 1000 hours. The image clearly reveals the progress of photooxidation 
across all coating layers. The gradient in lsO"-ion signal intensity decreasing from the 
surface of the clearcoat inward suggests that clearcoat UVA continues to limit the 
penetration of UV light into the paint system after 5 years of Florida exposure and 
1000 hours of accelerated exposure. 

A second series of 180~-ion images is illustrated in Figure 6. These images depict 
the extremes in behavior observed for a series of experiments designed to determine 
whether long-term weathering performance, >10 years Florida exposure, can be 
anticipated from the behavior of relatively short-term Florida exposure test panels. 
The images were recorded for 3-year Florida exposure test panels that were exposed 
to an additional 1000 hours of accelerated exposure in 25% 1 8 0 2 in nitrogen 
atmosphere as described above. The lsO"-ion image shown for Paint System 3, 
acrylic/melamine clearcoat over a charcoal metallic basecoat, upper part of Figure 6, 
clearly indicates that although this clearcoat is not highly oxidized, the interface 
between the clearcoat and basecoat is highly oxidized. This behavior suggests that the 
risk of catastrophic failure by clearcoat peeling is high at long exposure times. Paint 
System 3 test panels fail by clearcoat peeling after 4-5 years of Florida exposure. 

The 1 80- -ion image shown for Paint System 4, acrylic/melamine clearcoat over a 
dark red basecoat, in the middle of Figure 6 indicates that its clearcoat as well as the 
interface between its clearcoat and basecoat is highly oxidized. This behavior 
suggests that the risk of catastrophic failure by clearcoat peeling or cracking is high. 
Paint System 4 test panels fail by clearcoat cracking after 4-5 years of Florida 
exposure. 

Finally, the 1 80'-ion image shown for Paint System 5, acrylic/melamine clearcoat 
over a charcoal metallic basecoat, in the lower part of Figure 6 indicates that 
photooxidation is restricted to the paint system's surface. This behavior indicates that 
the risk of catastrophic failure is low. Paint System 5 test panels continue to perform 
well after 8 years of Florida exposure. 
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Figure 5. O'-ion images obtained for 5-year Florida exposure panel: a) prior to 
accelerated exposure, b) after 500 hours accelerated exposure in 25% 1802 in dry 
nitrogen atmosphere while facing away from the light, and c) after 500 hours 
accelerated exposure while facing the light. Accelerated exposure is "Light Only" 
Xenon arc using borosilicate inner and outer filters, and 0.45 W/m2 at 340 nm light 
intensity. 
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Figure 6. 18O'-ion images obtained for 3-year Florida exposure Paint Systems 3, 4, 
and 5 after 1000 hours exposure in 25% 18Ο2 in dry nitrogen atmosphere to "Light 
Only" Xenon arc using borosilicate inner and outer filters, and 0.45 W/m2 at 340 nm 
light intensity. 
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Taken together, results like those described for Paint Systems 3, 4, and 5 above 
demonstrate that 180"-ion images can be used to identify high-risk paint systems. 
However, the exposure conditions used raise concern about distorted 
photodegradation chemistry. Samples are exposed in a sealed chamber at an elevated 
temperature in the absence of humidity or the means to wash degradation products 
away. Superimposing artificial exposure on outdoor exposure minimizes this concern, 
but the concern is not eliminated. Clearly it would be more credible to image the 
photooxidation products in outdoor exposure test panels directly. 

One way to directly image photooxidation products in outdoor exposure test 
panels using TOF-SIMS would be to selectively react them with an easily detected 
derivitazing agent. A fluorinated derivatizing agent would be ideal. Unfortunately, 
our attempts to derivatize hydroxyl substituted photooxidation products with SF4, 
trifluoroacetyl chloride, perfluoroacetic anhydride and 3,3, 3-trifluoropropylsilyl 
chloride have not produced promising results. Likewise, neutralizing carboxylic acid 
photooxidation products with fluorinated amines to produce fluorinated salts also 
yields poor results. 

One technique that does show promise is deuterium exchange. This approach is 
based on the premise that an oxidized polymer should contain more D 2 0 
exchangeable groups than a non-oxidized polymer. 

ULTRAVIOLET LIGHT ABSORBER * 

UVA additives are added to the clearcoat in clearcoat/basecoat paint systems to 
limit clearcoat photooxidation and screen the underlying basecoat from UV light. The 
ability of a UVA to limit clearcoat photooxidation can be measured by transmission 
FTIR for isolated clearcoat samples and by PAS FTIR for the clearcoat surface in 
complete paint systems. Micro-FTIR and 1 80'-TOF-SIMS can be used to measure 
UVA effectiveness across all coating layers. Because the risk of paint system failure 
can be reduced from the onset by selecting long-lived UVAs, a number of techniques 
have been developed to measure UVA longevity directly. 

Transmission Ultraviolet Spectroscopy xv>xvi 

Transmission UV spectroscopy provides a ready means to determine UVA 
longevity for isolated clearcoat samples. 

In practice, clearcoat resin is smeared on a quartz slide with a glass rod and 
cured. The cured clearcoat film should be sufficiently thick to produce a starting 
absorbance of 2-2.5 in the UV region of interest prior to exposure. The samples are 
exposed and UV absorbance decrease is followed as a function of time. A second 
series of samples can be prepared to determine initial UV absorbance per μπι values. 
Clearcoat resins are applied as even films on 10 χ 30 cm glass plates using a Bird 
applicator. The samples are cured and the cured films are removed with a razor blade. 
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Film thickness is measured and combined with UV absorbance measurements to 
calculate UV absorbance/μπι values. 

The results shown in Figure 7 were obtained for the same series of clearcoats 
examined by transmission FTIR and PAS FTIR spectroscopy. Samples containing 
UVA and UVA with HALS were examined. All samples were exposed side-by-side 
along with transmission FTIR and PAS-FTIR samples as previously described. Plots 
of 340 nm region UVA UV absorbance versus exposure time were found to be linear 
until absorbance decreases below -0.5. Below -0.5, absorbance loss rate slows to 
approach zero asymptotically with continued exposure. Pickett has treated the details 
of UVA UV absorbance loss kinetics in a companion paper.xvn For all practical 
purposes, the non-linear region of the absorbance decay curves can be ignored to 
estimate how long clearcoat UVA effectively screens underlying basecoat from UV 
light. Once total clearcoat UV absorbance drops below 0.5 in the 340 nm region, 
transmission of 340 nm region light to basecoat is significant, >75%. The linear 
region of UV absorbance loss curves give the UVA absorbance loss rates used in the 
present work. 

UV absorbance loss rates in the 340 nm region are illustrated in Figure 7. As can 
be seen, UVA absorbance loss rate and the ability of HALS to reduce UVA 
absorbance loss rate varies considerably. 

UVA absorbance loss rates can be combined with starting absorbance per μπι 
values to estimate how long a given clearcoat thickness can effectively limit UV 
transmission to basecoat. 

The results shown in Figures 7 clearly demonstrate that transmission UV 
spectroscopy can be used to select superior UVA additives and UVA-HALS 
combinations. However, as previously noted, measurements of any kind on isolated 
clearcoat samples need not accurately reflect actual clearcoat behavior in complete 
paint systems. For example, when clearcoat and basecoat are cured wet-on-wet over 
plastic substrates, clearcoat UVA can diffuse into the plastic.™11 

Solvent Extraction Analysis 

One means to determine the UVA content of a clearcoat in a complete paint 
system is to scrape the clearcoat down to the basecoat and extract the UVA with a 
solvent. This approach is not valid for covalently bound UVAs or UVAs that become 
covalently bound during exposure. If there is interest in the nature of the UVAs 
present, the extract can be analyzed by standard chromatography techniques/ If there 
is no interest in the nature of the UVAs present, only UV absorbance, the UV 
spectrum of the solvent extract can be recorded directly. The latter case is described 
below. 

In practice, a 2.5 χ 5 cm section of test panel is scraped down to basecoat with a 
razor blade to afford 25-50 mg of clearcoat scrapings. The clearcoat scrapings are 
added to a tared 25 ml volumetric flask and weighed. 20 ml of CH2C12 is added to the 
flask and the flask is allowed to stand overnight. The flask is brought to volume and 
-5 ml of the CH2Cl2/clearcoat particle suspension is filtered into a 1 cm path length 
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quartz cuvette and the UV spectrum of the filtrate is recorded. Absorbance/mil can be 
calculated according to the equation: Abs./mil = [(Abs.meas. /(g/ml)(p)]/393.3, where 
Abs.m e a s. is the absorbance measured for the filtrate in a 1cm path length cuvette, g is 
grams of clearcoat scrapings, ml is volumetric flask volume, ρ is paint density in g/cc, 
and 393.3 is mils/cm. Abs./mil values can be converted to total clearcoat absorbance 
values when clearcoat thickness is known. 

Total clearcoat absorbance behavior is illustrated in Figure 8 for three paint 
systems as a function of Florida exposure. As can be seen, only Paint System 6 limits 
the transmission of 340 nm region UV light to <1% after 5 years of Florida exposure. 
The clearcoats in Paint Systems 7 and 8 transmit significant 340 nm region UV light 
to underlying basecoat after 4-5 years of exposure. Paint System 7 test panels fail by 
clearcoat peeling after 5 years of Florida exposure. However, Paint System 8 test 
panels continue to perform well after 5 years of Florida exposure. This behavior 
suggests that the basecoat in Paint System 8 is less sensitive to UV light than the 
basecoat in Paint System 7. In the absence of specific information about basecoat 
sensitivity to UV light, Paint System 6 is the lower risk paint system. 

As previously noted, solvent extraction analysis is not appropriate for covalently 
bound UVA and it can be difficult to determine whether a UVA has become 
covalently bound as the result of weather exposure. Clearly it would be beneficial to 
have an analytical technique that could assess clearcoat UV absorbance directly in 
intact paint systems. 

Photoacoustic Ultraviolet Spectroscopyxix 

PAS UV spectroscopy offers the possibility of directly measuring clearcoat UVA 
absorbance in intact paint systems. Unlike the PAS FTIR technique, a dispersive 
spectrometer and high intensity Xenon arc source are used. Spectra are obtained by 
modulating the output of the monochrometer with a chopper before the light is 
focused on the sample in the PAS cell. In practice, a 1 cm diameter disk is punched 
from a test panel and its PAS UV spectrum is obtained. As is the case for PAS FTIR 
spectroscopy, PAS UV analysis depth is determined by modulation frequency. The 
results of PASUV measurements where analysis depth was held constant at -8 μπι are 
illustrated in Figure 9 for Paint System 9. Paint system 9 consists of acrylic/melamine 
clearcoat over black acrylic/melamine basecoat over primer over e-coat. Test panels 
were weathered in northern Australia. The results reveal that clearcoat UVA 
absorbance decreases markedly in the surface region of the clearcoat with exposure, 
but it has proven to be difficult to translate the PAS UV measurements into 
quantitative UVA UV absorbance loss rate information for the entire clearcoat. 
Consequently, this technique has not been pursued to evaluate clearcoat UVA 
behavior in complete paint systems. It has been used to evaluate process variables 
effects on UVA UV absorption.xix 
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Micro-Transmission UV Spectroscopy ^ x x i 

Micro-transmission UV spectroscopy also offers the possibility of directly 
measuring clearcoat UVA UV absorbance in intact paint systems. 

In practice, a 1 cm disk is punched from a test panel and bent to release the paint 
system. Delamination usually occurs at the e-coat/metal interface unless the paint 
system is highly degraded. The paint system chip is glued between pieces of -50 μπι 
thick reference clearcoat containing a known amount of UVA. A high molecular 
weight, solvent free, polyisocyanate glue is used to ensure that UVA does not diffuse 
from the reference clearcoat into the paint chip during sample preparation and vice 
versa. The reference clearcoat/paint system chip/reference clearcoat sandwich is 
microtomed edge-on to produce a-10 μπι thick cross-section. The cross-section is 
placed in the micro-UV spectrometer and spectra are recorded with 5 χ 10 μπι spot 
size in 5 μπι steps from the reference clearcoat across the paint system to the opposite 
reference clearcoat. Useful UV spectra are usually not recorded for pigmented layers 
due to light scattering by pigment particles and aluminum flakes. 

The UV absorbance of the reference clearcoat is used to determine the actual 
thickness of the microtomed cross-section and verify that the cross-section is not 
wedge shaped in the scanning direction. Paint system clearcoat absorbance is divided 
by actual cross-section thickness to calculate absorbance/μπι values. Absorbance/μπι 
is assumed to be constant over the 5 μπι spot size examined, that is, any gradient in 
absorbance over this range is ignored. 

Micro-UV spectroscopy results are shown in Figure 10 for an acrylic/melamine 
clearcoat containing a benzotriazole UVA, Paint System 10. A weak gradient in UV 
spectrum intensity is visible in the non-weathered test specimen. The direction of the 
gradient suggests that UVA volatilizes during cure. A strong gradient in UV spectrum 
intensity is observed for the 4-year Florida exposure test specimen. The direction of 
the gradient clearly reveals that UVA is depleted from the surface of the clearcoat 
inward during exposure as expected. Total clearcoat absorbance can be determined 
by summing individual spectral intensities across the layer. Alternatively, analysis 
spot size can be adjusted to match clearcoat thickness to measure total clearcoat UV 
absorbance directly after correcting for cross-section thickness. UVA loss rate is 
determined by the difference in total clearcoat absorbance values for weathered and 
non-weathered test specimens. If non-weathered test panels are not available, 
spectrum intensity near the basecoat interface can be used to estimate absorbance for 
the entire non-weathered layer provided the gradient in spectrum intensity in the 
weathered test specimen stops before the bottom of the clearcoat is reached. 

Micro-UV spectroscopy provides an unambiguous means to determine clearcoat 
UVA UV absorbance for clearcoats in intact paint systems. 

HINDERED AMINE LIGHT STABILIZER 

As illustrated in Figures 1 and 2, hindered amine light stabilizer additives can 
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Figure 10. Micro-UV spectra of Paint System 10 clearcoat as a function of depth 
before exposure (upper) and after 4 years Florida exposure (lower). 
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play a critical role in determining clearcoat photooxidation resistance. Because it is 
reasonable to assume that clearcoat photooxidation rate will return to its HALS-free 
photooxidation behavior when HALS is consumed, HALS longevity is an issue for 
clearcoats that rely heavily on HALS to achieve photooxidation resistance. 

The HALS content of clearcoats is not readily determined by standard solvent 
extraction techniques because the HALS initially added to a polymer system can be 
converted to a variety of inhibition cycle products in the process of inhibiting 
photooxidation. Typical inhibition cycle products include secondary amines, 
hydroxylamines, amino ethers, and nitroxyl radical derivatives of the specific HALS 
initially added to the polymer system. The nature of the amino ether derivatives 
formed depends on the chemical composition of the polymer system being stabilized 
and can include non-extractable, covalently bound derivatives. An attempt has 
recently been made to follow 15N-labeled HALS as a function of exposure using 1 5 N 
CP/MAS Solid-State NMR Spectroscopy.^1 

Electron Spin Resonance Spectroscopy x x m ' x x l v 

One approach to determining HALS longevity in weathered clearcoats is to 
oxidize the HALS initially added and all of its inhibition cycle oxidation products to a 
common denominator species, nitroxyl radical. HALS additives are designed to yield 
a persistent, though reactive, nitroxyl radical in the process of inhibiting 
photooxidation. 

In practice, a 2.5 χ 5 cm section of test panel is uniformly scraped down to 
basecoat with a razor blade to afford 25-50 mg of clearcoat scrapings. The clearcoat 
scrapings are added to a tared 25 ml volumetric flask and weighed. 20 ml of CH2C12 

is added to the flask and the flask is allowed to stand overnight to ensure complete 
swelling. The flask is brought to volume and -0.5 ml of the particle suspension is 
place in a 3 mm O.D. quartz ESR tube and the ESR spectrum of the suspension is 
recorded. The double integral area of the ESR spectrum is compared with a 
calibration chart prepared for known amounts of 4-hydroxyl-2,2, 6, 6-
tetramethylpiperidinyl-N-oxy (TEMPOL) to determine the amount of nitroxyl radical 
present in the sample. The amount of nitroxyl radical detected reveals the "steady-
state" concentration of nitroxyl radical present in the clearcoat prior to peracid 
oxidation. Next, a small amount of p-nitroperbenzoic acid, < 30 mole excess relative 
to parent HALS concentration, is added to the ESR tube. The tube is stirred with a 
small glass rod and the ESR spectrum of the sample is repeatedly recorded over a half 
hour period. In most cases, nitroxyl radical signal intensity increases rapidly during 
the first 5 minutes of oxidation and then slowly decays. The maximum in nitroxyl 
radical signal intensity is used to calculate nitroxyl radical concentration. When the 
total amount of clearcoat available for analysis is small, the entire procedure can be 
carried out directly in the ESR sample tube. 
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The analysis described above yields two measures of HALS content: 1) the 
steady-state concentration of nitroxyl radical present in the clearcoat prior to 
oxidation, and 2) the total amount of parent HALS and all of its inhibition cycle 
products that can be oxidized to nitroxyl radical. This latter quantity is referred to as 
"Active HALS." In theory, plots of steady-state nitroxyl radical concentration versus 
exposure time could reveal HALS longevity because steady-state nitroxyl radical 
concentration is linked to the amount of HALS present in the system. However, in 
practice, the link need not be direct. That is, the presence of nitroxyl radical strongly 
infers that HALS is present to inhibit photooxidation, but the absolute concentration 
of nitroxyl radical present need not reflect the total amount of HALS remaining in the 
system. "Active HALS" analysis appears to provide a direct measure of the amount of 
HALS remaining to inhibit photooxidation to the extent that all HALS based species 
capable of inhibiting photooxidation are readily oxidized to nitroxyl radical by p-
nitroperbenzoic acid. It should be noted that a number of parent HALS are not readily 
oxidized to nitroxyl radical by peracids and do inhibit photooxidation. Most HALS 
inhibition cycle products appear to be readily oxidized to nitroxyl radical by peracids. 

The series of "Active HALS" analysis results shown in Figure 11 were obtained 
for clearcoats in Paint Systems 11 and 12 as a function of outdoor exposure. The 
clearcoat in Paint System 11 is an acrylic/melamine formulated with Tinuvin 292, an 
effective tertiary amine HALS that is not readily oxidized to nitroxyl radical by g-
nitroperbenzoic acid. The clearcoat in Paint System 12 is an acrylic/urethane 
formulated with Tinuvin 123, an effective amino ether HALS that is readily oxidized 
to nitroxyl radical by ^-nitroperbenzoic acid. The results shown for Paint System 11 
clearly indicate that the amount of HALS available to inhibit photooxidation decreases 
to a low level after 5 years of northern Australia exposure while exposure in Belgium 
and Florida produces smaller decreases. It can be noted that although Tinuvin 292 is 
not readily oxidized to nitroxyl radical by peracids, a substantial fraction of the 
Tinuvin 292 initially added to the clearcoat can be oxidized to nitroxyl radical after 
only 3 months of exposure. The results shown for the clearcoat in Paint System 12 
indicate that HALS will be available to inhibit photooxidation at very long exposure 
times. However, bulk clearcoat HALS analysis results need not provide sufficient 
information to correctly assess HALS performance. Experiments wherein clearcoat 
was scraped in step-wise fashion from the surface of the clearcoat inward have 
revealed steep gradients in "Active HALS" concentration increasing from the surface 
of the clearcoat inward.xxv Here, bulk analysis could not reveal that the surface region 
of the clearcoat is HALS deficient. 

PHOTOOXIDATION, UVA, AND HALS MAPS 

In-plane microtomy v ' x m ' x x v l ' x x v l 1 ' x x v m can be used to produce 5 μπι thick slices of 
all coating layers in complete paint systems on steel test panels. When the individual 
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paint system slices are analyzed by FTIR, UV, and ESR spectroscopy, the results can 
be used to construct 5 μπι resolution maps of the disposition of photooxidation, UVA, 
and HALS across all coating layers in complete paint systems. 

In practice, a 2.5 cm thick polypropylene block is mounted in an in-plane 
microtome and microtomed flat. Next, a 2.5 χ 5 cm sample is sawed from a steel test 
panel and adhered to a flat polypropylene block using double-sided tape. And finally, 
the paint system on the test panel is progressively sliced into 5-10 μπι thick slices. 
Slice thickness determines spatial resolution. 

Photooxidation, UVA, and HALS analysis results are illustrated in Figures 12-14 
for powder clearcoat over white waterborne basecoat over primer over e-coat, Paint 
System 13. A single 3-year Florida exposure test panel was available for analysis. A 
section of test panel that was shielded from sunlight by exposure rack clamps, but not 
shielded from heat and humidity, was analyzed for comparison with a section of test 
panel exposed to sunlight, heat, and humidity. The clearcoat on both test panel 
sections proved to be too soft to accurately microtome consistent thickness slices. 
That is, if the clearcoat slices are assumed to be 5 μπι thick, then the sum of the slices 
accounts for approximately half of the total clearcoat actually present to emply that 
some of the slices were thicker than 5 μπι. Nevertheless, the analysis results still 
provide a clear picture of paint system weathering performance. Basecoat, primer, 
and e-coat layers were easily microtomed. 

As shown in Figure 12, transmission FTIR spectra indicate that the surface of the 
clearcoat is moderately oxidized compared to the surface of the section of test panel 
shielded from sunlight. There is also some evidence that light penetrates to the 
clearcoat/basecoat interface, basecoat slice #1. Transmission UV absorbance 
measurements, Figure 13, indicate that sufficient UVA remains in the clearcoat to 
screen underlying basecoat from UV light in the 340 nm region for many years of 
additional exposure. And finally, HALS analysis results, Figure 14, indicate that 
sufficient HALS remains in the clearcoat to inhibit photooxidation for many years of 
additional exposure. When these results are combined with the results of fracture 
energy measurements Χ Χ 1 Χ' ™ designed to assess the mechanical repercussions of 
photooxidative degradation, it can be concluded that the risk of catastrophic paint 
system failure at long exposure times, >10 years in service, is minimal. The fracture 
energy value determined for Paint System 13 is contrasted with the fracture energy of 
other paint systems in Figure 15. Nichols et al describe fracture energy measurements 
in detail in a companion paper.5™ 

ACCELERATED WEATHERING EXPOSURE CONDITIONS 

While the analytical techniques described above can reliably follow the chemical 
composition and mechanical property changes that occur in paint systems as the result 
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of exposure, the credibility of all results is directly linked to the credibility of the test 
specimens being assayed. As of this writing, outdoor exposure test specimens are 
assumed to be credible although even this assumption is open for discussion.™ 1 ' x x x m 

On the other hand, the credibility of samples produced by accelerated exposure poses 
an issue because as noted in the introduction, because it is not always practical to wait 
for the results of actual outdoor exposure tests. We have long maintained that in order 
for accelerated exposure test specimens to be credible, exposure conditions must lead 
to the same kind and balance of chemical changes that occur during actual outdoor 
exposure.lx'XXX1V This contention is reinforced by the two examples that follow. 

The results shown in Figures 1, 2, and 4 for polyester/urethane Clearcoats Y and 
Ζ clearly indicate that both clearcoats rapidly photooxidize during borosilicate inner 
and outer filtered Xenon arc exposure and should therefore exhibit inferior long-term 
weathering performance. Both clearcoats are formulated with a phthalate extender. In 
actuality, both clearcoats exhibit superior long-term weathering performance both 
during Florida exposure and in service. An explanation for the false Xenon arc 
exposure prediction may lie in the overlap of the UV spectra of the clearcoats with the 
output of the light source used. 

The UV spectra of additive-free Clearcoats Y and Τ are shown in Figure 16 
superimposed on the wavelength distribution curves of Miami noon sunlight and 
borosilicate inner and outer filtered Xenon arc light. Clearcoat T, an acrylic/melamine 
is included because its accelerated test behavior matches its Florida exposure 
behavior. As can be seen, Clearcoat Y's UV spectrum overlaps the output of the lamp 
considerably more than sunlight while the overlap of Clearcoat T's UV spectrum with 
sunlight and the lamp output is minimal. This suggests that the accelerated test light 
source could drive more photooxidation chemistry that cannot be driven by sunlight in 
Clearcoat Y than Clearcoat T. And indeed, PAS FTIR spectra of Florida and 
borosilicate inner and outer filtered Xenon arc exposed samples of Clearcoat Y do not 
match one another while the PAS FTIR spectra of Clearcoat Τ exposed under the 
same two conditions do match. This behavior strongly suggests that the false Xenon 
arc exposure results obtained for Clearcoats Y and Ζ can be directly attributed to the 
shorter than natural UV light component that remains in borosilicate inner and outer 
filtered Xenon arc light. This particular case is straightforward because the UV 
absorbance of a major component, phthalate extender, approaches the wavelength cut 
off of sunlight, -295 nm. In most cases, photooxidation is driven by trace 
chromophores whose UV spectrum is not easily recorded. 

As a second example, when Clearcoat Ν over waterborne basecoat is subjected to 
Xenon arc weather-ometer® accelerated exposure according to SAE J1960 JUN89 
using borosilicate inner and outer filters, and 0.55 W/m2 light intensity at 340 nm, it 
photooxidizes rapidly without UVA and the addition of UVA slows its photooxidation 
dramatically, Figure 17. This behavior suggests that Clearcoat Ν is very dependent on 
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UVA to gain photooxidation resistance, a conclusion that is at odds with Clearcoat N's 
behavior when tested as an isolated clearcoat, Figures 1 and 2, and when Clearcoat Ν 
is tested over solvent borne basecoat, Figure 4. These latter results indicate that 
Clearcoat Ν is intrinsically photooxidation resistant and not dependent on UVA to 
gain photooxidation resistance. 

An entirely different behavior is observed when Clearcoat Ν over waterborne 
basecoat is subjected to EMMAQUA exposure. Photooxidation is slow and the 
addition of UVA has little or no effect, Figure 17. Because EMMAQUA exposure 
employs reflected sunlight, this behavior suggests that the filtered Xenon light used 
excites a chromophore present when Clearcoat Ν is applied over waterborne basecoat 
and absent when Clearcoat Ν is applied over solvent borne basecoat. In essence, the 
UVA protects the chromophore from light that is not present in sunlight and therefore 
the photooxidation rate behavior observed during artificial exposure need have little 
bearing on the paint system's actual weathering performance. The actual weathering 
performance of Clearcoat Ν over the waterborne basecoat used is not known. 

These examples strongly suggest that much greater attention will have to be paid 
to the wavelength distribution match between artificial light sources and sunlight if 
test specimen behavior is to accurately reflect actual long-term weathering 
performance in accelerated weathering tests. 

CONCLUSIONS 

The present work describes a number of analytical techniques designed to follow 
chemical composition changes for isolated clearcoat samples, clearcoats in complete 
paint systems, and all coating layers in complete paint systems as a function of 
exposure. It is argued that chemical composition change rate measurements can be 
combined with fracture energy measurements of tolerance for chemical composition 
change to dramatically reduce the risk of introducing new paint systems that will 
exhibit hard failures in service. 

When accelerated exposure is used to prepare test specimens, result credibility 
relies on how closely accelerated exposure induced chemical composition changes 
match outdoor exposure chemical composition changes. 
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Chapter 12 

Permanence of U V Absorbers in Plastics and Coatings 

James E. Pickett 

Corporate Research and Development, General Electric Company, 
1 Research Circle, Schenectady, NY 12301 

ABSTRACT 

Ultraviolet absorbers (UVA's) undergo photo-degradation with 
quantum yields on the order of 10-6 even in glassy, unreactive 
matrices such as poly(methyl methacrylate) (PMMA). The kinetics 
of UVA loss in a film or coating can be described by the equation: A 

= log10[(1- T0)10(A0-kt) + 1] where A is the absorbance at time t, T0 

is the initial transmission, A0 is the initial absorbance, and k is a zero 
order rate constant. The rate constant can be found as the slope of 
log10(10A - 1) plotted vs. exposure. The derivation and implications 
of these equations and a general review of UVA degradation 
chemistry are discussed, including the effects of the matrix material, 
concentration, and hindered amine light stabilizers. The rate of UV 
absorber loss is of relatively minor consequence when the absorber is 
used as a bulk additive in a polymer, but is of critical importance in 
the service lifetime of coatings. The kinetics of photochemical UV 
absorber loss and use of loss rates in coating lifetime predictions are 
discussed in detail. 

T Adapted from a paper presented at the 7 Annual ESD Advanced Coatings 
Technology Conference in Detroit, MI Sept. 28-29, 1998. Used with permission from 
ESD, The Engineering Society. 

250 © 2002 American Chemical Society 
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The photostability of UV absorbers (UVA's) recently has been recognized as key to 
the lifetime of coatings [1,2,3,4]. The types of molecules typically used as UVA's are 
shown in Figure 1. These compounds are extraordinarily photostable considering that 
they are organic molecules. However, the pioneers of UV stabilizers recognized that 
they are not truly permanent. In 1961, Hirt, Searle, and Schmitt wrote: 

The protective absorbers are not everlasting; they do 
photodecompose, but at a much slower rate than the materials which 
they are designed to protect. The photo-decomposition was found to 
be dependent on a number of factors including the substrate in which 
the absorber is dispersed and the wavelength of irradiation [5], 

Unfortunately, little subsequent work was published to flesh out and 
substantiate this insight, and the photostability issues of UVA's disappeared from the 
common wisdom. Questions about coating failure mechanisms arose in the late 
1980's and early 1990's that prompted reexamination of UVA lifetimes. We and 
other groups have been investigating the photostability of UVA's to better understand 
how UVA's degrade, the kinetics of the process, and how this knowledge allows 
better prediction of coating lifetimes [6]. 

1 
benzophenone 2 

benzotriazole 

Ar H - O 

3 
triazine 

4 
oxanilide 

Ο 
5 

cyanoacryiate 

Figure 1. Structures of commonly-used commercial UVA's. 
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Photophysics of UV Absorbers 

UVA's are added to coatings and plastics to absorb ultraviolet radiation in the 
wavelength range of 290 to 400 nm in order to protect materials from weathering. 
Usually the absorbers have little absorption at wavelengths >380 nm to avoid 
imparting a yellow color to the products. A key feature of absorbers 1-4 shown in 
Figure 1 is the presence of a strong intramolecular hydrogen bond between an O-H or 
N-H group and an oxygen or nitrogen 4 or 5 atoms away. This hydrogen bond allows 
the energy absorbed by the molecule to be dissipated harmlessly as heat as shown in 
Figures 2 and 3. The ground state of the UVA is excited to its first singlet state upon 
absorption of a photon but rapidly undergoes Excited State Intramolecular Proton 
Transfer (ESIPT) to form the excited state of a tautomer (S'i) which has a smaller 
energy gap with its ground state (S'0) than the "normal form" tautomer. The small 
energy gap between S\ and S'0 makes radiationless decay more facile, and the excited 
state energy rapidly is lost as vibrational energy to the matrix. The proton then is 
transferred back to its original position in a very rapid keto-enol tautomerization step. 

Anything that disrupts the ESIPT process will result in a longer lifetime for 
the Si excited state and a greater chance of the molecule undergoing irreversible 
photochemistry. Highly polar matrices can lead to more mtermolecular hydrogen 
bonding and poorer photostability. In addition, media that are basic could result in 
deprotonation of a small equilibrium concentration of UVA molecules. Even if the 
concentration were very low, this small population would be highly susceptible to 
photolysis and cause rapid loss of absorber. 

The photochemistry of UVA's is difficult to follow because the rate of 
degradation is very slow, and many of the primary photoproducts are much less 
photostable than the starting molecule. Therefore, the concentration of primary 
products is very small, and only highly degraded fragments usually are recovered. 
Benzophenones have yielded benzoic acid [5,7] and benzotriazoles have yielded 
benzotriazole [8,9,10] as shown in Figure 4. The phenolic moieties that would result 
from photolysis reactions such as these would be very unstable and undergo rapid 
photo-oxidation. Studies of the photolysis of both benzophenones and benzotriazoles 
generally show that free radicals alone have little effect on the stability. However, the 
combination of UV radiation, radicals, and oxygen results in rapid degradation, 
although the actual mechanisms involved remain unclear [8,10,11]. It should be noted 
that these photoproducts have very little absorbance in the wavelength range of 290 to 
400 nm and cannot function as UVA's. Thus, the absorbance is observed to disappear 
cleanly as the UVA photodegrades. 

The photophysics and photochemistry of the cyanoacryiate class (Structure 
5) is less well understood. The excited state probably involves charge separation and 
weakening of the double bond as shown in Figure 5. The weakened double bond 
would allow enhanced vibration and rapid energy dissipation. The double bond is 
also susceptible to radical or nucleophilic addition that would result in loss of the 
chromophore. 
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hv 

.R -Δ 

Ν 
Η - 0 

R 

hv 

Θ 

\ 
R 

Ar HO 

Ar' 

hv 

Ar, 

N 

Ar 

H O, 

N 
\ -OR 

Ar,' 

H O 

I 
Ο H 

.Ar 2 
hv 

H O w 

H 

Figure 2. Proton-transfer process in protic UVA 's. 

Excited state $ç~τ 

hv 

Ground state So " 

ESIPT 

Proton transfer 

S'i 

Radiationless decay 

S'o 

"normal form" "proton-transferred form" 

Figure 3. Schematic of energy dissipation mechanism for protic UVA's. 
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Figure 5. Possible energy dissipation process for cyanoacryiate UVA's. 

UVA's, of course, have very low quantum yields for decomposition. A 
number of studies of various absorbers in various media show quantum yields on the 
order of 10"5 to 10"7 with the lowest values found in very non-polar solvents 
[10,12,13,14,15]. UVA's in most polymer matrices have quantum yields on the order 
of 10"6. Very polar solvents can increase the quantum yield to 10"4. Two studies 
[1,13] have shown pronounced wavelength dependence for both benzotriazoles and 
benzophenones with light of 300 nm having quantum yields 3-20x higher than light of 
350 nm. 

Kinetics of UV Absorber Photodegradation 

The kinetics of UVA loss have been described in detail in several papers [1,3,16]. In 
this analysis, we will consider the UV absorber in a film or coating and the effect of 
UVA loss on the total absorbance or transmission of the film. The rate of absorbance 
loss can described by Equation 1 where k is a rate constant and Τ is the fraction of 
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light transmitted by the film (T = I/I0). Note that the rate is proportional to the 
fraction of light absorbed (1-T) and not the absorbance (A = -log[T]). The rate 
constant incorporates the quantum yield for degradation and the incident light flux 
integrated over all wavelengths. Substituting the relation Τ = 10~A and integrating 
gives absorbance as a function of time as shown by Equations 2 or 3 where A0 and T0 

are the initial absorbance and transmission, & is a rate constant, and t is time (or 
exposure). The rate constant, can be determined by the method of Iyengar and 
Schellenberg [17] in which Equation 3 is rearranged to give Equation 4. Thus, plotting 
log(10A-l) as a function of time or exposure should give a straight line with slope k 
and an intercept related to the initial absorbance. This is demonstrated in Figures 6 
and 7. Figure 6 shows absorbance loss data for a PMMA film containing 2% of a 
benzophenone UVA, Cyasorb® 531, plotted as a function of exposure in a xenon arc 
Weather-ometer®. Curvature is evident in the data, and a line calculated from 
Equation 3 using a rate constant of 0.18 A/1000 kJm"2 fits the data nicely. Figure 7 
shows the same data plotted according to Equation 4. The data show an excellent fit 
to this linear relationship. 

àAlât = -k{\~T) (Eqn. 1) 

4 = l o g 1 0 [ ( l - r 0 ) l 0 ( ^ + l ] ( E q n . 2 ) 

Λ = l o g 1 0 ( l 0 ( 4 » - f c ) - H T * + l ) (Eqn. 3) 

log(10A -1) = -kt + log(l - Γ 0 ) + A 0 (Eqn. 4) 

In a highly absorbing coating or film, the UVA acts as an inner filter so that 
the molecules near the surface absorb more photons and degrade more rapidly than 
those that are deeper into the film. Consequences of this are shown in Figures 8 and 9. 
When the absorbance of a coating is >1, essentially all of the incident UV photons are 
absorbed and the loss of absorbance appears linear with time; that is, it shows zero 
order kinetics. The rate of loss is dependent on only the light exposure. This type of 
loss is typical of a coating as a whole. When the absorbance is <0.1, then there is little 
consumption of light through the thickness of the film, and the rate of loss is dependent 
on the amount of UVA present. The loss appears linear on a log scale; that is, it shows 
first order kinetics. This type of loss is typical of the surface of a coating or a 
stabilized plastic. 
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0 Ο 1000 2000 3000 4000 5000 6000 7000 8000 
Exposure (kJ/m2) xenon arc 

Figure 6. Absorbance of a PUMA film containing 2% of 2-hydroxy-4-
octyloxybenzophenone (Cyasorb 531) upon exposure to borosilicate-filtered xenon 
arc weathering. The smooth line is calculated from Equation 3 using a rate constant 
of 0.18 A/1000 kJ/m2. 

1 . . . • ι , , , ι , , , , ι , • , , ι , , , , ι , • • • ι • ι . • 1 
0 1000 2000 3000 4000 5000 6000 7000 8000 

Exposure (kJ/m2) xenon arc 

Figure 7. Data from Figure 6 plotted according to Equation 4. 
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Ο 50 100 150 200 250 300 350 
Time (Arbitrary Units) 

Figure 8. Calculated UVA loss for a highly absorbing coating plotted as zero orde 
kinetics. The absorbance in the range A> 1 can be described by At = A0- kt. 

0 50 100 150 200 250 300 350 
Time (Arbitrary Units) 

Figure 9. Calculated UVA loss for a highly absorbing coating plotted first order 
kinetics. The absorbance in the range A < 0.1 can be described by the equation 
log(At) = log(A0)-kt. 
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We have observed both kinds of kinetic behavior when measuring the loss of 
UVA from a silicone hardcoat containing a benzophenone-type UVA during outdoor 
weathering [1]. Figure 10 shows the loss of absorbance from the entire coating 
applied to polymethyl methacrylate (PMMA) and exposed outdoors. The sample 
exposed in Mt. Vernon, IN showed approximately linear loss of absorbance, as 
predicted. A series of samples tested in Florida of the same coating applied to 
polycarbonate were tested by attenuated total reflectance IR which analyzes only the 
very surface of the sample; most of the information comes from the top few tenths of a 
micron where the absorbance due to the UVA is < 0.1. The loss could be seen to obey 
first order kinetics as shown in Figure 11. 

Descriptions of UVA lifetime in a material can be ambiguous [16]. The 
concept of a half-life is applicable only to the region of absorbance <0.1 where first 
order kinetics apply. In addition, the common practice of plotting the fraction of 
remaining absorbance as a function of time on a linear scale gives very misleading 
results since the slope is entirely dependent on the initial absorbance, and that 
information is lost in such plots. The rate constant as defined in Equation 4 does give 
an unambiguous value for a particular UVA in a particular matrix independent of 
initial absorbance and concentration. 

Figure 10. Loss of absorbance in a silicone hardcoat upon outdoor exposure (from 
Réf. I). 
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UVA retention as measured by ATR-1R 

Data: G.A. Patel and P. Codella, GE CR&D 

0.01 

0 1 2 3 4 
Exposure time (years) 

Figure 11. Loss of UV absorber from the top 03 μπι of a silicone hardcoat upon 
Florida weathering (from Ref. 1 ). 

Factors Affecting UVA Degradation Rates 

The most important factor affecting the lifetime of most UVA's is the matrix in which 
it resides [7,18]. A quickly degrading matrix leads to rapid decomposition of the 
UVA in it probably due to free radical attack. Polar matrices are often detrimental 
due to disruption of the critical internal hydrogen bond. The magnitudes of these 
effects are not very predictable as shown in Table 1. The rankings of UVA stability 
can reverse in different coatings. 

Table l.Rates of UVA loss in various matrices upon borosilieate-filtered 
xenon arc exposure. 

Rate (A/1000 kjm2) 
Absorber Class PMMA Silicone UV-cured 

hardcoat* acrylic 
Cyasorb® 531 benzophenone 0.18 0.10 0.42 

Cyasorb® 5411 benzotriazole 0.11 0.32 0.28 
Uvinul® 3039 cyanoacryiate 0.14 0.31 0.42 

Sanduvor®VSU oxanilide 0.14 0.31 N/A 
Cyasorb® 1164 triazine 0.085 0.81 0.22 

* Absorber with a trialkoxysilyl group in place of an alkyl group, but otherwise the same 
chromophore. 
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Table 1 shows that there was some differentiation among the various classes 
of UVA in the relatively polar, but unreactive PMMA matrix with the triazine 
degrading most slowly and the benzophenone degrading most quickly. The silicone 
hardcoat consisted of condensed methyl trimethoxysilane and colloidal silica and was 
slightly basic. Some residual hydroxyl groups are present as well. In this coating, the 
ordering of benzophenone-type and triazine-type UVA is reversed. The UV-cured 
acrylic was based on hexanediol diacrylate, and degraded fairly rapidly under these 
conditions. The order of stability was approximately the same as for the PMMA, but 
all the loss rates were much higher. These results underscore the importance of testing 
each candidate UVA in the particular matrix in which it is to be used. 

We have found no dependence on concentration, at least in PMMA films. The 
only effect of hindered amine light stabilizers (HALS) was that if the HALS stabilized 
the matrix, as for a UV-cured acrylic coating for example, then the stability of the UVA 
was improved as well. Similar results have been reported by Decker [4,15,19] and by 
Gerlock [2]. We have also examined the effects of structure on UVA lifetime and 
found that the effects of alkyl substituents on the benzophenone and benzotriazole 
classes generally are subtle and are probably highly dependent on the matrix [16]. The 
triazines, however, can show dramatic substituent effects. Cyasorb® 1164 (Structure 3, 
Ar = 2,4-dimethylphenyl) degrades somewhat more slowly than benzotriazoles in most 
matrices we have tested. However, Tinuvin® 1577, which lacks the methyl groups, has 
a nearly undetectable rate of loss in a PMMA matrix. The alkyl groups are reported to 
increase the lifetime of the first excited state [20,21] which leads to faster degradation. 
Tinuvin® 1577 appears to be the most stable commercially available UVA. 

Effect of UVA Loss on Material Lifetime 

UVA's can be lost by diffusion or by photochemical decomposition. Diffusion can 
play a major role in plastics or coatings in which the test or use temperature is greater 
than the glass transition temperature (Tg). In this case diffusion is fast, and most 
UVA's can be rapidly removed from the surface [22,23,24]. This can be a problem 
for low T g materials such as polyolefins, plasticized PVC, and UV-cured coatings. 
However, the rates of diffusion decrease dramatically at T g and can become 
vanishingly small when materials are well below T g [25,26]. UVA loss by diffusion 
during use is inconsequential for most thermally cured coatings and engineering 
thermoplastics. 

Photochemical UVA loss occurs in the surface of plastics. The effect on 
plastics lifetime is difficult to predict, but probably is not of great consequence for 
current generation materials. This is because the lifetime of high performance UVA's 
in the surface layer is on the order of two years or so, and most engineering plastics 
undergo surface erosion within that time span thus continually "renewing" the surface. 
However, as materials are developed with greater inherent stability, more stable 
UVA's may have to be developed to protect them. UVA's are of much less 
importance in polyolefins where HALS are the primary stabilizers. 
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UVA stability can be critical to coating lifetimes as recently described by 
Bauer [3, 27]. An unpigmented coating protects the substrate by absorbing the 
incident ultraviolet radiation. Some always leaks through to reach the surface of the 
substrate, but at high absorbance the transmission is small. An example of a coating 
with an initial absorbance of 3.0 (transmission of 0.001) is shown in Figure 12. As the 
UVA in the coating degrades upon exposure, the transmission remains low until the 
absorbance reaches 1 or so whereupon it increases rapidly. However, the important 
factor is not the absorbance or transmission at any particular time, but rather the 
integral of the transmission which is the total UV dose that reaches the surface. When 
the transmitted dose reaches some critical value, the substrate will be degraded 
sufficiently to cause coating failure. The light dose, D, as a function of time or 
exposure can be calculated by converting Equation 2 or 3 to transmission and 
integrating to give Equations 5 and 6. Note that the transmitted dose, and hence the 
theoretical lifetime of a coating, is determined only by the initial absorbance (or 
transmission) and the rate of UVA loss. The remaining variable is the dose, Dfaih that 
is required to reach the substrate to cause coating failure (by delamination, for 
example). This can be determined by making a coating containing no UVA at all and 
measuring the time or exposure at which the coating fails. Equation 6 can be solved 
for time as shown in Equation 7. If the initial transmission of the coating, T0, the rate 
of UVA loss, k9 and the transmitted dose required to cause coating failure, Dfaif, are all 
known, then Equation 7 gives a prediction for the maximum possible lifetime of the 
coating. Earlier failure can always occur if other mechanisms such as hydrolysis are 
operable or if other failure modes such as cracking or hazing are important. 

0 50 100 150 200 
Exposure (arbitrary) 

Figure 12. Absorbance, transmission, and integrated transmission for a hypothetical 
coating. 
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D = t + j{At-A0) 

D = i + {log 1 0[r 0+(l-r 0)lO rte 

(Eqn. 5) 

(Eqn. 6) 

1 
tfail = ^ 1 θ δ ΐ Ο 

r 0 

(Eqn. 7) 

A plot of transmitted doses for a hypothetical coating and substrate is shown 
in Figure 13, and a summary of calculated fail times is shown in Table 2. The effects 
of changing the stability of the substrate, rate of UVA loss, and the initial absorbance 
of the coating are examined. The Dfaii values, which would be determined by testing 
a coating with no UVA, are chosen as one and two years of outdoor exposure for this 
example. The UVA loss rates are typical for commercial absorbers in relatively 
unreactive matrices. One sees that especially for the high absorbance coatings, very 
little light is transmitted until late in the exposure resulting in rapid and catastrophic 
failure. This failure would be unanticipated if it were not known that the UV 
absorbance of the coating was decreasing during exposure. 

Fail times calculated using Equation 7 for hypothetical coating systems are 
shown in Table 2. Interesting effects on the calculated failure times can be seen. If a 
coating with no UV absorber fails in 1 year, then Entries 2, 3, and 4 show that 
initially blocking 90%, 99%, and 99.9% of the light increases the lifetime to 3, 5.5, 
and 8 years respectively. If the UV absorber were truly permanent, a lifetime of 
1000 years would be expected for the coating in Entry 4. Comparing Entries 3 and 6 
or 4 and 7 shows the effect of a more stable UV absorber. Decreasing the loss rate 
by a factor of two increases the lifetime by roughly a factor of 1.6 for this example. 
This factor will be different for coatings with other initial absorbances and loss rates. 
The bottom half of the table shows the effect of increasing Dfaii from one year to two 
years, that is, doubling the stability of the substrate. The lifetime of the coated 
system is not doubled, but depending on the other variables, the lifetimes are 
increased by only 15 to 40% in this hypothetical case. Vastly different numbers are 
obtained if different rates of UV absorber loss are chosen. Equation 7 obviously is 
not linear in any variable, so intuition is of little value in estimating the magnitude of 
improvements. However, this model generally shows that the lifetime of the coated 
system is determined primarily by the lifetime of the coating itself and UV absorber 
in it. The stability of the substrate is an important, but secondary, concern. 
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Figure 13. Transmitted light doses for hypothetical coating systems with various 
initial absorbâmes and UVA degradation rates calculated using Equation 6. 

Table 2. Calculated failure times for the coating systems shown in Figure 13. 

Entry DfaU 
(years) 

k 
(A/year) 

A0 tfail 
(years) 

1 1 - 0 1 1.0 
2 1 0.4 1 0.1 3.0 
3 1 0.4 2 0.01 5.5 
4 1 0.4 3 0.001 8.0 
5 1 0.2 1 0.1 4.2 
6 1 0.2 2 0.01 8.9 
7 1 0.2 3 0.001 13.8 
8 2 - 0 1 2.0 
9 2 0.4 1 0.1 4.3 
10 2 0.4 2 0.01 6.8 
11 2 0.4 3 0.001 9.3 
12 2 0.2 1 0.1 6.0 
13 2 0.2 2 0.01 10.9 
14 2 0.2 3 0.001 15.9 
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Summary and Conclusions 

UV absorbers can undergo photochemical degradation when their normal means of 
energy dissipation through excited state intramolecular proton transfer (ESIPT) is 
disrupted. For many UVA's the quantum yield of degradation is on the order of 10~6, 
however, the rates of degradation are highly dependent on the matrix and must be 
determined experimentally for each system. For most UV absorbers, one can expect a 
loss of at least 0.3 absorbance units per year of Florida exposure. The loss can be as 
high as 1 absorbance unit per year in a highly degrading coating. 

The rates of UVA loss are best expressed rate constants which can be 
obtained by plotting the absorbance of a coating as log(10A - 1) as a function of 
exposure. If the system obeys the kinetics described above, then the plot should be a 
straight line with the slope being the rate constant. This rate constant plus the initial 
absorbance of a coating can be used to estimate the theoretical lifetime of a coating. 
Other factors such as cracking, hazing, or hydrolysis may cause failure long before the 
theoretical lifetime is reached. 
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Chapter 13 

Mechanical Properties of Painted TPO Plastic 
Resulting from Morphological Interphase Variations 

Rose A . Ryntz 

Visteon Corporation, 401 Southfield Road, Dearborn, MI 48121 

The physical behavior of painted and/or unpainted 
thermoplastics subjected to applied stress in field applications 
varies dramatically depending upon material selection and 
processing parameters. Of particular concern when trying to 
relate chemical structure of the paint/plastic to end-use 
properties is the "interphase" miscibility within the plastic 
alloy. In this paper, the "interphase" management of 
elastomer, as dispersed within a poly(propylene) matrix, is 
discussed and related to resultant surface damageability, e.g., 
scratch (of unpainted specimens) and friction induced paint 
damage (a compressive shear loading event) of painted 
specimens. The role of polymer processing, in particular 
injection molding shear velocity, as well as the paint process 
conditions utilized, on the "interphase" between the 
elastomer/poly(propylene) matrix, will be discussed. It was 
determined that by controlling molecular weight, molecular 
weight distribution, crystallinity, and melt viscosities of the 
elastomer/poly(propylene) matrix, surface damageability of 
the fabricated part could be controlled. 

In injection molded plastics, in particular where semi-crystalline 
polymers are involved, residual stresses can occur in the top few microns of the 

266 © 2002 American Chemical Society 
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plastic depending upon injection molding conditions and polymer composition 
utilized [/]. It was reported by Schonhorn and others [1-7] that heterogeneous 
nucleation and crystallization of polymer melts against high-energy surfaces, 
e.g., metals, metal oxides, and alkali halide crystals, results in marked changes 
in the surface region morphology. More specifically, it was claimed that 
transcrystallinity [8,9] (transcrystallinity is reported to consist of elongated 
spherulites originating at the polymer surface and propagating for several 
microns normal to the surface) could be induced in polyethylene and 
polypropylene by crystallizing the respective melts in intimate contact with 
specially prepared aluminum and copper. Formation of a transcrystalline layer 
is favored by conditions that induce a high density of nuclei at the surface. A 
close arrangement of growth centers causes the spherulites to grow in a 
columnar fashion with little lateral development [10]. 

Microstructures of semi-crystalline polymers vary from spherulitic to 
lamellar and single crystals, in size of structural units, depending upon [77]: 

• molding temperature 
• low patterns 
• aging and heat treatment 
• nucleating agents 

The distribution of spherulite sizes varies as a function of depth. In 
injection molded polypropylene, for example, not only does the crystal size vary 
but also the crystal type. Hexagonal spherulites (less perfect flat, concave 
boundaries) were shown to be more prominent at the surface. They were 
characterized by greater susceptibility to etching in SEM analysis. Monoclinic 
spherulites, a more crystalline, ordered arrangement, were found to occur in 
the bulk morphology in conical shapes. In thermoplastic olefin (TPO, a blend 
of polypropylene and ethylene propylene diene rubber (EPDM)) that had been 
injection molded, Bonnerup [72] found that not only was the polypropylene 
surface crystallinity affected but that the EPDM phase separated in the 
crystallization process and was present in very low concentrations at the 
surface. 

Bikkerman [73] found that two solids in contact couldn't fail exactly at 
the interface between them. Hence, if failure occurs at or near an interface at a 
relatively small-applied stress a weak boundary layer is assumed to have been 
present. Weak boundary layers are believed to arise if: 

• there is an incompatibility between two polymers so that they 
remain separate; 

• the surface roughness amplitude between two similar solids is 
3000 angstroms or less; and 

• a similar Tg for both polymers exists so that annealing 
eliminates shrinkage and thermal stresses. Fracture toughness 
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and crack propagation are related to weak boundary layer 
management. 

Injection molding is one of the most widely utilized methods of 
polymer processing. This process includes injecting molten polymer into a cold 
mold followed by packing under high pressure and subsequent cooling to 
solidification. The filling and cooling stages have an important effect on the 
rheological properties since the viscoelastic nature of the polymer results in 
development of shear and normal stresses and large elastic deformation during 
filling with subsequent incomplete relaxation during the cooling stage. The 
resultant residual stresses, which determine the orientation in the final molded 
part, are dependent upon the thermal, rheological, and relaxation properties of 
the polymeric material as well as the processing conditions [14]. 

Molecular orientation in injection molding has been modeled by many 
researchers [75, 16] to explain the complex molecular orientation distribution 
observed. Most models incorporate flow and heat transfer mechanisms coupled 
with molecular theories. The orientation in the surface skin is related to steady 
elongational flow in the advancing front, whereas the orientation in the core is 
related to the shear flow, behind the front, between two solidifying layers [75]. 
Coupled with the elongational and shear-induced orientations, a molecular 
relaxation process takes place that is determined by the rate of heat transfer. 
Internal stresses that develop within the injection-molded part are the result of 
thermal, flow, and pressure histories[7 7]. The melt temperature of the 
polymer was found to cause two maxima in residual stress (R.S.) [78]. The 
second one reverses from compressive to tensile. In general, most changes 
occur in the surface regions, while R.S. decreases with increasing melt 
temperature, as is the case in zones far away from the gate [19]. It was found 
that R.S. are compressive in the surface layers and tend to decrease upon 
increase in mold temperature and distance from the gate. 

Residual stress can be measured by optical birefringence. 
Birefringence has a number of causes. The polarizability of chemical bonds 
change when they are stressed, giving rise to the photo-elastic response upon 
which measurements of residual stress may be measured. On the other hand, 
chemical bonds are directional and in a non-isotropic material the presence of 
favored bond orientations will produce birefringence, so that in an injection 
molded article containing frozen in molecular orientation this may provide a 
much larger contribution than the residual stresses [20]. The birefringence 
effect should be higher closest to the mold wall, dependent of course upon the 
heat diffusivity of the polymer and the molding conditions. 

Injection molding conditions, e.g., melt temperature, aging and heat 
treatment, surface geometry, etc., have been shown to be significant in 
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determining the final cohesive strength of a TPO substrate [21]. The 
crystallinity and phase separation that occurs in a TPO sample once molded can 
be controlled to some degree based on the molding history. The degree of 
cohesive strength in a TPO sample, however, seems to be a direct result of the 
molecular weight, molecular weight distribution, and miscibility of the blends 
of elastomer and PP that are chosen. 

In this paper, an attempt is made to relate structure of the TPO blend 
chosen to surface damageability caused by scratching, and friction induced 
compressive shearing ("gouging"). The role of interphase management, e.g., 
control of miscibility between alloying agents, appears to be the major factor 
affecting the ability of the plastic part to resist surface damage caused by 
external forces. 

Data and Results 

The TPOs evaluated in this study were made by physically dry-blending 
the components (Table 1) at 20 wt% elastomer in 80 wt% PP (where filler was 
utilized it was done so at 10 wt%) and melt extruding the blend through a 
Werner-Pfleiderer twin screw extruder using a general compounding profile 
and a single strand die. The extruder was preheated to the following barrel 
conditions: 210°C, 220°C, 220°C, 220°C, 220°C, 225°C. The screw was run at 
a constant speed of 115 rpm. Poly(propylene) and elastomer were obtained 
from Exxon Chemical, Bayport, TX or Dow-DuPont Elastomers, Midland. MI. 
Melt flow rates (MFR) of each component were measured according to ASTM 
D1238-96, 230/2.16. Melting points and percent crystallinities were 
determined on a DuPont Model TA Modulated Differential Scanning 
Calorimeter. Molecular weights and molecular weight distributions were 
supplied by Exxon Chemical and DuPont Dow Elastomers. Talc (Cimpact) 
was obtained from Luzenac Minerals, Denver, CO. Wolastonites were obtained 
from Nyco Minerals, Inc., Charlottesville, VA. The supplier performed all 
particle size measurements. 

Each blend was molded into plaques on a Cincinnati Milacron 110 ton. 5 
ounce injection molding machine at injection velocities of 1.27 and 7.62 
cm/sec. Tensile testing on unpainted plaques was performed on an Instron 
Model 6025 tensile tester equipped with a 454.5 kg load cell and Instron series 
IX computer controlled software. Work of fracture data was calculated from 
the total area under the stress-strain curve. Sample specimens utilized in the 
work of fracture calculations were 5 χ 17.8 cm bars modified with varying 
ligament lengths inscribed through use of double-sided notches obtained with a 
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razor blade. Essential work values were calculated according to the method 
described by Wu [22]. 

Flexural modulus (ASTM D790-96) and Izod impact (ASTM D256-93, 
method A) data were measured on unpainted samples. 

Plastic moduli (Hpias) and degree of plastic deformation (plasticity) (Wr/Wt) 
were measured on unpainted specimens with a Fisherscope H100 with a load of 
1000 mN utilizing a Vickers indentor. 

Optical microscopy analysis of 30 micron thick unpainted specimens, 
obtained by cryogenically microtoming the specimens (direction of cut was 
parallel to the flow direction in the plaque) using Histoprep media, was 
measured on a Leica microscope equipped with cross-polarizing filters. The 
samples were mounted in Canada balsam between two microscope slides prior 
to analysis. Depth of boundary layers within the specimens was measured 
utilizing Optimus optical imaging software. 

Scanning electron microscopy (SEM) was performed on selected samples 
on cryogenically fractured surfaces of TPO under a magnification of 1500x. 

Scratch testing was performed according to the Ford Laboratory Test 
Method (FLTM) BN 108-13. In this FLTM, the panel is placed on a movable 
platen onto which is placed a beam containing a scratch pin. The beam is 250 
mm long and is equipped with a scratch pin that consists of a highly polished 
steel ball (1 mm +/- 0.1 mm in diameter). The beam is loaded with a weight 
ranged of 7.0 N. The beam is driven by compressed air to draw the pin across 
the surface of the plaque to generate a scratch. Sliding velocity was maintained 
at approximately 100 mm/sec and all tests were performed at 25°C. The 
samples were conditioned at 25°C for 24 hours prior to scratching. Scratched 
samples were analyzed with an interferometer at intervals of 1 hour and 24 
hours after scratching. Scratches produced ranged from 1 to 3 μιη in depth 
depending upon the plaque evaluated. Scratch deformations are reported as 
depth of deformation (in microns) as referenced to the unscratched surface. 

Panels were painted through use of an adhesion promoter (7.5 μπι dry film 
thickness of a chlorinated polyolefin primer), white basecoat (37.5 μπι dry film 
thickness, a one-component (IK) melamine crosslinked basecoat or a two-
component (2K) urethane basecoat, and a 2K urethane clearcoat (50 μπι dry 
film thickness), which were applied wet-on-wet and subsequently baked for 30 
minutes at 121°C ambient. 

Friction induced paint damage resistance ("gouge") was measured on 
either a Ford proprietary friction induced paint damage apparatus (STATRAM) 
or a commercially available FIPD device (SLIDO) utilizing a 2 3 design of 
experiments (DOE), varying parameters such as sliding velocity, temperature, 
acceleration, and compressive (vertical) or traction (horizontal) force [23, 24]. 
Results are presented as either the area of gouge damage or as the percentage of 
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panels that failed in the painted TPO FIPD testing obtained from the design of 
experiments (3 replicates under each experimentally designed run were 
measured). 

Table 1 lists the physical properties of the resins utilized to make the TPO 
blends in this study. As can be seen in the Table, the elastomer types were 
chosen to reflect varying solubility characteristics with the PP as well as 
varying crystallinity and melt flow rates. The following studies will look at the 
influence of melt flow ratio of elastomer/PP in the TPO samples as well as the 
effect of elastomer crystallinity on physical properties attained. 

Table 1 
Properties of TPO Components 

Polymer* Density 
(g/crrf) 

MFR 
(dg/min) 

DSC Melt 
CO 

% 
Crystallinity 

Nln Mw/Mn 

1042 PP 0.9049 1.9 162.2 46 67070 3.51 
JSR07P 0.8589 <1 20.7 3 27098 4.29 
4033 EB 0.8837 1.3 61.9 14.8 50475 1.96 
3125EB 0.9124 1.2 108.3 46 45562 1.96 
3022 EB 0.9057 9 100 39 230409 2.63 
8150 EO 0.868 1 56 16 76000 2 
8180 EO 0.863 1 50 11 76000 2 

*where PP=base poly (propylene); EP ̂ ethylene-propylene copolymer; 
EB=ethylene-butylene copolymer; EO=ethylene-octene copolymer 

Table 2 lists the physical properties of the unfilled TPO blends formulated. 
The "gouge" resistance is presented as a percentage of samples that exhibited 
cohesive delamination when tested under 2 loading events (136.6 kg and 272.7 
kg) at a temperature of 68.3°C and a sliding velocity of 0.32 cm/sec. Figure 1 
depicts the type of cohesive ripping ("cavitation") attained as a result of 
compressive shear loading placed on the 1K/2K white basecoat/2K clearcoat 
black TPO panel. The type of failure is very indicative of a "stick-slip" 
phenomenon typically seen in friction induced failures, therefore the failure is 
referred to as a "friction-induced paint damage" scenario (herein referred to as 
"gouge"). The gouge depth can be on the order of tens of microns to hundreds 
of microns into the TPO substrate. 
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Figure 2 depicts the gouge damage evidenced in the series of TPO panels 
described in Table 2. The panels were all painted with the same 1K/2K 
basecoat/clearcoat system and subjected to the same compressive shear loading 
conditions (272.7 kg, 68,3°C and a sliding velocity of 0.32 cm/sec). As can be 
viewed in the Figure, as the crystallinity of the elastomer (Exact 3125, 
ethylene-butene based) increases and the melt viscosity of the elastomer 
approaches the melt viscosity of the poly(propylene), described as the melt flow 

rate (MFR) ratio, the ensuing gouge resistance increases. It is postulated that 
MFR ratio will affect the dispersion size of elastomer in the matrix, as 
described by Silvis [25], due to the viscoelastic breakup of particles under shear 
conditions. A MFR ratio of 1 should allow optimum dispersion. 

Table 2 
Properties of Unfilled TPO Plaques 

TPO Type Injection 
Rate 

(cm/sec) 

Gouge* 
(% Fail) 

Hp 
(N/mm2) 

Tensile 
Strength 

(Pa χ 102) 

WBL 
Depth 

(microns) 

1042 PP 1.27 0 112 67.9 51 
7.62 0 120 66.9 8 

4033 EB 1.27 12.5 54.7 48.6 54.7 
7.62 12.5 76.2 45.7 20 

07P EP 1.27 62.5 44.9 44.2 44.9 
7.62 87.5 62 38.4 24 

8150 EO 1.27 25 44.4 40.1 44.4 
7.62 25 52.5 40.3 52.5 

8180 EO 1.27 25 43.7 40.3 43.7 
7.62 25 53.8 39.8 53.8 

3022 EB 1.27 6 56.6 45.4 56.6 
7.62 6 59.8 43.5 59.8 

3125 EB 1.27 0 81.5 52.5 81.5 
7.62 0 80.3 51.4 80.3 

*IK/2K basecoat/clearcoat (BC/CC) 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

01
3

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



273 

Figure 1 
Friction Induced Paint Damage 

Figure 2 
Gouge Resistance of Painted Polymer Blends 
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Figure 3 graphically depicts the attained gouge resistance of 1K/2K painted 
plaques from the variety of TPO blends tested as a function of tensile strength. 
In this Figure, it can be seen that as the tensile strength increases so too does 
the gouge resistance. 

Figure 3 
Gouge Resistance as a Function of Tensile Strength of TPO 

Figure 4 displays the tensile strength as a function of the boundary layer 
depth achieved in each blend at an injection velocity of 1.27 cm/sec. The results 
here concur with those reported by Fujiyama [26\ in that the tensile strength of 
an injection molded specimen increases linearly with boundary layer thickness 
obtained within the molded specimen. 

Tensile strength, however, is not the only factor contributing to gouge 
resistance. As shown in Figure 5, increased surface hardness of the unpainted 
plastic also contributes to increased gouge resistance. This result is not 
unexpected, either, in that stress applied to a harder surface can be more easily 
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Figure 4 
Tensile Strength as Affected by Boundary Layer Depth 

dissipated across the top surface interface. If the applied stress does not reach a 
depth to which the boundary layer interface is "weakened", then the resultant 
ripping of this weakened interface will not be achieved. 

Figure 6 displays a TEM micrograph of the interphase region of the 1042 
poly(propylene)/3125 ethylene-butene elastomer. In this micrograph the 
dispersion of elastomer is clearly evidenced by the "darker" osmium tetroxide 
stained region. The area adjacent to the "dark" elastomer region and the 
"lighter" poly(propylene) region is of particular interest. Shaded region of 
intermediate staining can be seen in which the boundary between the elastomer 
and the poly(propylene) are not succinct. In these areas, regions of 
interlamellar entanglement can be seen. It is the interlamellar entanglements 
that are believed to be responsible for the increased cohesive integrity. 

In Table 3, the physical properties of a variety of filled TPO samples are 
shown. The fillers evaluated include wolastonites of varying filler size and 
filler surface pretreatment. The Nyad G Special and Nyad 400HAR are surface 
pretreated with silane sizing agents to affect miscibility in the resultant blend. 
The Nyglos wolastonites are not surface pretreated. Cimpact is a commercial 
grade of talc available from Luzenac. Al l fillers were dry blended in the 
extruder with the melt blend at a 10 % by rate ratio. 
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Figure 5 
Gouge Resistance as a Function of TPO Hardness 
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Figure 6 
Interphase Development within Elastomer/PP Matrix 
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Table 3 
Properties of Filled TPO Plaques 

TPO Filler Injec Particle Hplas Plastic WBL Gouge Scratch 
Blend Type tion Size (N/m ity (micron) * (mm2 Depth 

Rate (micron) m2) failure) (micron) 
(cm/s) 

1042/ none 1.27 none 101 0.48 45 25.8 15.9 
3125 

7.62 115 0.49 82 86.4 6.34 
Nyglos 
c 

1.27 4.5 104 0.49 102 24.2 22.3 
Ο 

7.62 110 0.5 78 52.5 20.62 
Nyglos 
a 

1.27 8 106 0.49 102 31.2 27.62 
ο 

7.62 119 0.5 65 59.4 30.64 
Nyglos 
a 

1.27 3.5 104 0.51 106 14.9 22.56 

1 7.62 113 0.5 65 46.4 17.1 
Nyglos 1.27 12 105 0.49 115 25.6 30.64 
12 

7.62 117 0.49 61 78.9 28 
Nyad 
ci 

1.27 40 104 0.51 123 39.7 25.62 

Special 
7.62 113 0.49 78 91.1 26.8 

Nyad 1.27 15 109 0.48 135 26.5 27.64 
400HA 
R 

7.62 114 0.5 78 70.5 22.82 
Cimpa 1.27 1.2 106 0.49 151 7.6 22.04 
ct699 

7.62 116 0.5 115 64.1 12.38 
*2K/2K white BC/CC where mm2 is area of failure cohesively within the substrate 

As shown in Figure 7, decreasing filler size can increase gouge resistance 
of samples molded at the lower injection velocity (1.27 cm/sec). These findings 
cannot be accounted for based on surface hardness nor boundary layer depth 
alone, as was the case for unfilled samples. 
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Figure 7 
Gouge Resistance as a Function of Filler Size 

It appears, as shown in Figure 8, that fillers may act as a locus for possible 
fracture within the sample, thereby lowering gouge resistance. Figure 8 shows 
that in the filled Nyglos 12 TPO material that regardless of injection velocity at 
which the sample was fabricated, the filler acts as a locus for fracture and 
cavitation. It is interesting to note, however, that injection velocity plays a huge 
role in the type of fracture that occurs. As the injection velocity is increased 
(from 1.27 cm/sec to 7.62 cm/sec) the amount of "fibrillar cavitation" increases 
as a result of compressive shear force imposed. The cavitation can be seen in 
the micrograph representative of the TPO sample fabricated at 7.62 cm/sec 
injection velocity. Small areas of white fibrillated polymer can be seen in 
various areas within the sample upon fracture, whereas in the micrograph of 
the sample fabricated at the lower injection velocity the same pattern is not 
seen. 

Scratch resistance was also monitored on the unpainted filled TPO samples 
described in Table 3. Figure 9 displays the imparted scratch as analyzed by an 
interferometer. The micrograph depicts the scratch as viewed in three-
dimensional topographic interference. As can be seen in the depth of scratch 
analysis, as material is removed from the scratch "ditch" it is plowed into 
"shoulders" on either side of the scratch "ditch". The depth of the scratch, as 
listed for the variety of filled TPO samples in Table 3, is taken as the area of 
the "ditch" only as would be deduced from the unperturbed surface profile into 
the scratch "ditch" . 
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Figure 8 
SEM Fracture of Filled TPO as a Function of Injection Velocity 
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Figure 9 
Scratch Analysis of Unpainted Plastic 

Surface hardness appears to not only be an important attribute of plastics 
as related to gouge resistance, but also is shown to have an effect on scratch 
resistance. As shown in Figure 10, as the surface hardness increases within the 
unpainted plastic the scratch resistance decreases. This may be the result of 
increased fracture behavior within the sample as it is stressed by the scratching 
event. Filled samples exhibited worse scratch resistance than their unfilled 
counterparts. Analogous results were reported by Chu [27] in filled 
poly(propylene) plastics subjected to scratching phenomenon. In his work, Chu 
attributed the lessened scratch resistance of filled poly(propylene) materials to 
increased plastic deformation, with potential fracture in the 
filler/poly(propylene) interface regions. Deeper, fractured scratches were 
related to higher "whitening" behavior, as a result of greater fracture and filler-
poly(propylene) disbondment. 

Summary 

Stresses applied to filled or unfilled semi-crystalline thermoplastic alloys, 
in the form of compressive shearing events, e.g., scratched, gouges, etc., often 
result in cohesive debondment within the weak interface of the system. In cases 
where the plastic is painted, friction induced damage results in cohesive 
"ripping" of the top tens to hundreds of microns of the plastic surface. In 
unfilled specimens that are unpainted, the applied stress, in the form of a 
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Figure 10 
Scratch Resistance as a Function of Surface Hardness 

scratch, results in plastic deformation of the surface and potential fracture 
within the top few microns of the surface. In both cases, it is believed that the 
resultant cohesive failure is a result on improperly controlled "interphases" that 
develop within the plastic during the extrusion and injection molded fabrication 
of the plastic sample. 

As shown in Figure 11, the "interphase" region is defined as the area 
adjacent to the elastomer dispersion within the poly(propylene) matrix of a 
thermoplastic olefin material. The interphase can be controlled through 
judicious choice of poly(propylene) and elastomer, where crystallinity, 
molecular weight, molecular weight distribution, and viscosity ratio of the 
elastomer to poly(propylene), are controlled. Injection velocity used to fabricate 
the molded samples, however, is also shown to influence the resultant 
interphase strength, due to the shear stresses imparted on the molten matrix 
during the mold filling process. 
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Figure 11 
Cavitation in Elastomer/PP Alloy under Applied Load 
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Chapter 14 

Determining the Particle Size Distributions 
of Titanium Dioxide Using Sedimentation Field-Flow 
Fractionation and Photon Correlation Spectroscopy 

S. Kim Ratanathanawongs Williams1, Belinda Butler-Veytia2, 
and Hookeun Lee1 

Departments of 1Chemistry and Geochemistry and 2Chemical Engineering 
and Petroleum Refining, Colorado School of Mines, Golden, CO 80401 

The particle size distributions (PSD) of titanium dioxide 
(TiO2) have been measured using sedimentation field-flow 
fractionation (SdFFF) and photon correlation spectroscopy 
(PCS). Two types of TiO2 with different surface coatings were 
analyzed. Unlike molecular-size analyte that are easily and 
homogeneously dissolved in solution, particulate samples must 
be suspended in solution. The sample preparation step should 
cause no changes, e.g., aggregation, to the original state of the 
sample. A procedure has been developed to reproducibly 
prepare TiO2 suspensions of well-dispersed particles. Both 
SdFFF and PCS show the presence of two distinct size 
populations at approximately 200 and 100 nanometers. 

© 2002 American Chemical Society 285 
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Introduction 

Particle sizing techniques can generally be categorized as nonfractionation 
or fractionation methods (1). The former includes microscopy, electrozone 
sensing, and light scattering. These techniques tend to be rapid but of low 
resolution since measurements are made of the entire particle mixture. The 
fractionation techniques include disc centrifugation, hydrodynamic 
chromatography, and field-flow fractionation. High resolution is achieved since 
the different particle populations are separated and then sized. This work 
involves a comparison of two techniques: sedimentation field-flow fractionation 
(SdFFF) and light scattering, particularly, photon correlation spectroscopy 
(PCS). This combination of techniques has previously been applied to 
emulsions (2,3). 

Sedimentation FFF 

Sedimentation field-flow fractionation (SdFFF) is a chromatography-like 
elution technique that separates colloids and particles on the basis of differences 
in effective mass (2-9). The SdFFF channel is wrapped inside a centrifuge 
basket as shown on the left side of Figure 1 and the assembly is spun at 
controlled speeds. Special rotating seals allow a stream of carrier liquid to be 
pumped through the channel. Under conditions of laminar flow, the carrier 
liquid has a parabolic flow profile with the highest velocity streamlines at the 
center of the channel and decreasing velocities towards the walls. A small pulse 
of sample particles is injected and transported into the channel by the flow of 
carrier liquid. However, the displacement velocity of different particles through 
the channel is unequal because of their different diffusion coefficients and 
interactions with the centrifugal field. The particles that interact more strongly 
with the field and/or possess slower diffusion coefficients will form equilibrium 
layers that are located in the slow flow regions near the accumulation wall. 
These sample components (e.g., band χ in Figure 1) will thus be transported out 
of the channel more slowly than those further from the wall (band y). Particles 
whose densities are greater than that of the carrier liquid will move towards the 
outside channel wall whereas particles less dense than the carrier fluid will float 
towards the inner wall. Whether particles float or sink, separation is governed 
by the same principles. This separation of submicron particles is referred to as 
the normal mode and the theory is discussed in the following section. For 
particles larger than 1 μπι, the steric mode separation mechanism prevails (8). 
The elution order is opposite to that of normal mode. The diameter at which the 
transition between normal and steric mode occurs is conditions dependent and 
ranges between 0.2 μπι and 3 μπι. Consequently, it is important to initially view 
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the sample using a microscope to confirm the size extremes and the selected FFF 
experimental parameters. 

Photon Correlation Spectroscopy 

Photon correlation spectroscopy (PCS), also known as dynamic light 
scattering, quasi-elastic light scattering, autocorrelation spectroscopy, or 
intensity fluctuation spectroscopy, is a sizing method that calculates diffusion 
coefficients based on the fluctuations in light scattering intensity of a sample 
suspension (10-18). These fluctuations can be described by a time-dependent 
function, also referred to as the autocorrelation function. In the PCS system 
(Figure 2), the sample scatters light, which is collected by a detector at a 90-
degree angle to the incident laser beam. The light intensity is correlated and 
adapted according to the characteristics (i.e. refractive property, viscosity of the 
carrier solution) of the sample. 

Photon correlation spectroscopy is a rapid method that is applied to an 
ensemble of particles. Consequently, the resolution is low and at least a two-fold 
difference in size is required in order for PCS to register the presence of 
distinctly different populations. This method has also been reported to yield 
inaccurate particles sizes for mixtures of monodispersed suspensions spanning a 
large size range (14). The resolution and polydispersity limits in PCS vary 
somewhat depending on the intensity of the laser used. 

Photon correlation spectroscopy and SdFFF each have different strengths: 
high speed for PCS and high resolution for SdFFF. Thus the choice of 
techniques depends upon the complexity of the sample and the information 
sought (19). 

Theory and Working Equations 

Sedimentation FFF (normal mode) 

The retention equation in FFF relates the experimental retention time tr to 
the void time t° and the retention parameter λ (2). 

tr 1 
t° 6X[coth(l/2X)-2X 

(1) 
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flow out to 

Figure 1. Illustration of curved ribbon-like channel used in sedimentation FFF 
and magnification of a short section of this channel. 

Figure 2. Schematic diagram of the PCS apparatus. 
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For well retained particles (tr > 5 t°), λ is small and the following 
approximation is valid. 

The parameter Ain SdFFF is related to particle mass m or effective 
spherical diameter d by 

where k is the Boltzmann constant, Τ is the absolute temperature, G is the 
centrifugal acceleration, w is the channel thickness, pp is the particle density, and 
Ap is the difference in density between the particle and carrier liquid. 

Equations 2 and 3 can be combined to obtain 

Equation 4 shows that the normal mode retention in SdFFF is dependent on the 
particle size and the density difference between the sample particles and the 
carrier liquid. 

The high resolution achievable in normal mode is due to the third power 
dependence tr^ d3. This sensitivity also increases the accuracy of particle size 
measurements, but it can also yield lengthy analysis times for polydisperse 
materials. For example, a 10-fold size difference between the smallest and 
largest particles in the sample will result in a 103 difference in retention times. 
Larger particles tend to be excessively retained and their concentration in the 
outlet stream is low due to their elution from the system over extended time 
intervals. These problems can be 
solved by using field strength programming (20,21). A high initial field strength 
is required to resolve smaller particles, while a lowering of field strength reduces 
the excessive retention and dilution of larger components. In a field 
programming run, the field strength S is held constant at an initial level S0 for a 
time-lag period ti and decreased according to a power function of elapsed time t. 
The power decay function is 

λ = kT 6kT 
(3) 

wG(\Ap\/ pp )m nwG\Ap\d3 

t°wG(\Ap\/pp) _m°wG\Ap\ 3 

6kT m~ 36 kT 
(4) 

S = S0 (5) 

where ta is a constant. 
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Photon Correlation Spectroscopy 

The time dependent correlation function of the light scattered by particles in 
a liquid suspension is defined as (18) 

(Ι(0)1(τ))=ψ!^ ~]l(t)I(t-x)dt (6) 
1 0 

where / is light intensity, Τ is the total experiment duration, t is time at which 
measurements begin, and τ is the correlation delay time. Since scattered light is 
composed of photons, the measured intensity corresponds to the number of 
photons per unit time. An equation analogous to Equation 6 can be written for 
the photon autocorrelation function 

C(x) = (n(0)n(x))^m_^ ±- f η,η*η m= 1,2,3...M' (7) 
Ν j=i 

where n(t) represents the number of photons measured at time t, Ν is the total 
number of samples, and M' is the number of points at which an autocorrelation 
function is measured. Equation 7 can be subsequently used as a basis for 
deriving the following photon autocorrelation function for rigid, monodisperse, 
and compact particles (18) 

C(T) = (n)2[l + b exp( -2Dq2x )\ (8) 

where b and Dq2 are experimental constants. The term D represents the 
diffusion coefficient whereas q is the amplitude wave vector for a particular 
fluctuation and measurement angle and is readily calculated using the Bragg 
equation (18). Equation 8 assumes that a large number of particles are present in 
the observed scattering volume and therefore the results can be approximated by 
a Gaussian distribution. The constants b and Dq2 are determined by fitting the 
measured autocorrelation function to a single exponent. The D value is then 
used to calculate the hydrodynamic diameter d via the Stokes-Einstein equation 

3πηά 

where k is the Boltzmann constant, Τ is the absolute temperature, and η is the 
viscosity of the medium in which particles are suspended. 

The analysis of mono- and polydisperse samples by PCS is notably more 
difficult for the latter. Since the scattering intensity is not measured for single 
particles, size distribution information is obtained by deconvoluting the 
measured autocorrelation function into its single exponential components. This 
can be a complicated process and requires at least a two fold difference in 
particle size in order for two distinct size populations to be reported. 

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

01
4

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



Experimental 

291 

FFF Carrier Liquid 

The carrier liquid was deionized distilled water containing 0.1% (v/v) FL-70 
(Fisher Scientific, Fair Lawn, NJ) and 0.02% (w/v) sodium azide (Sigma, St. 
Louis, MO). The pH of the carrier liquid was 9.85. Sodium azide (NaN3) is a 
mutagenic chemical and should be handled with care. 

Samples and Sample Preparation 

Two T i 0 2 samples, designated as A and B, were analyzed. Sample A is used in 
plastics and has a small amount of phosphate as the first treatment and a 1.7 
mass % alumina as the second treatment. Sample Β is a pigment marketed for 
architectural paints and has approximately 1.5 % mass silica as the first 
treatment and 3 % mass alumina as the second treatment (22). Rutile titanium 
dioxide has a refractive index of 2.73 and a density of 4.2 g/cm3 (23,24). Silica 
and alumina have densities of 2.18 and 3.9 g/cm3, respectively (24,25). Using 
these nominal densities and compositions, the densities of samples A and Β were 
calculated as 4.20 and 4.16 g/cm3, respectively. 

A 0.1% (w/v) T i0 2 suspension was prepared by weighing approximately 
0.01 g of sample into a glass vial. Ten milliliters of the carrier liquid (0.1% FL-
70 and 0.02% sodium azide) were added. The suspension was sonicated for 3 
minutes at an output control of 60W and 40% duty cycle. Aliquots of this 
'stock' suspension were used to prepare the samples analyzed by SdFFF and 
PCS. For SdFFF, the stock suspension was further diluted with carrier liquid. 
The final sample suspension contained 0.01% Ti0 2 , 0.1% FL-70, and 0.02% 
NaN 3. The T i 0 2 suspensions used in PCS experiments were made by 
transferring 150 microliters of the 0.1% stock suspension and 3 mL of distilled 
deionized water to a cuvet. The resulting suspension was 0.005% (w/v) T i0 2 

and 0.005%FL-70 and 0.001% NaN 3. The suspensions were sonicated prior to 
SdFFF analysis. The PCS suspensions were analyzed immediately after 
preparation to prevent particle settling in the cuvets. 

Instrumentation 

Separation takes place in the rectangular channel with triangular ends shown in 
Figure 1. The major walls of the channel are made from highly polished 
Hastelloy C (a nickel rich steel). The channel had a void volume V° of 3.41 mL, 
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rectangular length L of 87.1 cm, breadth b of 2.1 cm, and thickness w of 0.0186 
cm. The rotor radius representing the distance between the channel and axis of 
rotation in the system is 15.1 cm. The SdFFF system is similar to the S101 
instrument produced by ^Fractionation, LLC (Salt Lake City, Utah). The 
system includes an HPLC pump (Model 410, Kontron Electrolab, London, UK), 
a high flowrate flushing pump (Model QD-1, Fluid Metering, Oyster Bay, NY)), 
a Spectra 100 UV detector (Spectra-Physics, San Jose, CA) set at 254 nm, and a 
PC-compatible computer that controls the centrifuge speed and collects data. 
Photon correlation spectroscopy (PCS) was done using a Brookhaven Instrument 
ZetaPlus equipped with a 15 mW He-Ne laser (632.8 nm). Sonication was 
performed using a Model W-225R Sonicator Cell Disruptor (Heat Systems-
Ultrasonics, Inc., Plainview, NY) with a microtip. 

SdFFF Analyses 

The experimental procedure in SdFFF commenced with the injection of a sample 
plug into the channel. The channel flow is then turned off and the channel is 
spun at a desired speed for a set period of time. In this stopflow stage, the 
sample components remain in the vicinity of the channel inlet where they are 
relaxed to their equilibrium positions above the accumulation wall. After 
relaxation, the channel flow is resumed and the various sample species are swept 
through and out of the channel at different times. After each analysis, the 
channel was flushed with the carrier solution using a high flowrate pump set at 
-10 mL/min. The flowrate during the separation and elution process were 
measured prior to each analysis. 

PCS Analyses 

The instrument was turned on and allowed to warm up for at least 10 min prior 
to use to ensure constant chamber temperature. Data acquisition times ranged 
between 5-20 minutes. The sample suspensions yielded particle counts within 
the recommended range of 50-300 kilocounts per second (19). 

Results and Discussion 

Sample preparation is a critical step in obtaining reproducible and accurate 
size measurements of colloidal and particulate samples. The dispersibility of the 
T1O2 samples was examined in three solutions: deionized water, Tamol 731 4-
sodium hexametaphosphate ((NaP03)6), and FL-70 + NaN 3. Tamol, an anionic 
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surfactant produced by Rohm and Haas, is commonly used in paint formulations 
(26,27) and (NaP03)6 is a recommended dispersant for alumina and titanium 
dioxide (24). The combination of FL-70 (a complex mixture of the surfactant 
Tergitol, sodium carbonate* and other chemicals) and NaN 3 (a bactericide) has 
proven to be successful in numerous FFF applications. The latter two solutions 
readily dispersed the coated T i0 2 samples. In addition, particles that settled to 
the bottom of the sample vial over time were easily redispersed with sonication. 

The sonication times were varied and it was found that 60 watts at a 40% 
duty cycle for 3-5 min provided well-dispersed samples. Aggregation was 
induced when the suspension was sonicated longer than 10 min. 

The long-term stability (at least 1 month) of the T i 0 2 sample suspended in 
0.1% FL-70 and 0.02% NaN 3 resulted in its use as a 'stock' solution. The PCS 
sample was prepared by sonicating an aliquot of this stock solution and diluting 
20x with deionized water. The resulting suspension contained 0.005% Ti0 2 , 
0.005% FL-70, and 0.001% NaN 3 and was prone to aggregation when the 
particles settled. Thus, samples were prepared immediately prior to PCS 
analysis. The PCS size distributions of the two T i 0 2 samples are shown in 
Figure 3. Each figure is a compilation of five analyses with 3 replicates per 
analysis. Bimodal distributions are evident in both types of Ti0 2 . Sample A is 
composed of 37 nm and 191 nm particles while sample Β diameters are 47 nm 
and 192 nm. Experiments were done with different data acquisition times to 
verify that the sedimentation velocities of these dense particles did not affect the 
measurement of diffusion coefficient and size. No distinctive trend was 
observed. 

The main criteria used in selecting the FFF carrier liquid are good 
dispersing ability and high sample recovery. The Tamol-(NaP03)6 solution was 
a good T i0 2 dispersant but a poor SdFFF carrier liquid. Sample adsorption onto 
the channel wall resulted in complete sample loss. The most effective carrier 
liquid for SdFFF analysis was the 0.1%FL-70 and 0.02%NaN3 solution. Hence, 
the FL-70 and NaN 3 containing solutions were used in both sample preparation 
and separation. 

The SdFFF fractograms shown in Figure 4 were obtained using field 
programming. A high initial rpm was used to resolve the early eluting 
components. The rpm was then decreased (using the power function described 
in Equation 5 to hasten the elution of highly retained sample components. 

The fractograms can be converted to size distribution curves using 
Equations 4 and 5. This conversion requires a prior knowledge of the particle 
densities. In this work, the average density of each T i 0 2 sample was determined 
from the nominal particle compositions. The calculated densities of T i 0 2 

samples A and Β based on manufacturer's nominal particle compositions and 
assuming spherical particles are 4.20 and 4.16 g/cm3, respectively. The SdFFF 
particle size distribution curves obtained using these densities are shown in 
Figure 5. As with the PCS results, both T i0 2 samples have very similar size 
distributions. 
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Figure 3. PCS results of two TiO2 samples. The carrier liquid was 0.005% Fl-
70 and 0.001% sodium azide and the data acquisition times were between 5 and 

20 minutes. 
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10 20 30 40 50 60 

Time (min) 

Figure 4. Superimposed SdFFF fractograms of two T1O2 samples. The carrier 
liquid was 0.1% Fl-70 and 0.02% sodium azide and the channel flow rate was 

4.1 mL/min. The field strength was programmed using the following power 
program parameters: initial rpm = 828, hold rpm = 100, tj =6.2 min, ta =-49.6 

min, ρ = 8. 

0.0 0.1 0.2 0.3 0.4 0.5 

Diameter (μπι) 
0.6 0.7 0.8 

Figure 5. Superimposed SdFFF particle size distribution curves of two T1O2 
samples using Ap values calculated from nominal compositions (sample A: 

Ap=3.20 g/mL, sample B: Ap=3.16 g/mL). 
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A second method used to determine the average densities of the coated T i0 2 

samples involved introducing the diameter measured by PCS and the retention 
time measured by SdFFF (peak maxima in Figure 4) into the programmed field 
strength form of Equation 4. The resulting density values of T i 0 2 A and Β are 
3.80 and 3.43 g/cm3, respectively. Since d oc (Δρ)1^3, the difference between 
the two sets of densities results in only a 4% difference in diameter. Caldwell et 
al. (2,3) have used a more detailed approach in their studies of emulsions. They 
collected fractions at the outlet of the SdFFF channel and measured the diameter 
of each fraction using PCS. These authors found that while two different 
emulsions yielded similar SdFFF fractograms, i.e., had similar distributions of 
particle mass, PCS showed different diameters for fractions collected at the same 
retention times. This means that the particles may be of the same mass and elute 
at the same tn but they possess different d and Ap values. This approach is 
applicable to T i0 2 and could yield important information on the uniformity of 
the coating on the particles. 

Table 1. Diameters of Bimodal TiQ 2 Samples 
ΉΟ,Α Ti07 Β 

PCS 37, 191 47, 192 
SdFFF 86, 180 88, 181 

The PCS and SdFFF diameters of the major population are comparable 
as shown in Table 1. Both techniques show the presence of small particles. 
However, PCS and SdFFF are not in agreement with the diameter of the small 
particles. The former shows peaks in the vicinity of 40 nm and the latter at 90 
nm. It is possible that both minor populations exist. Since the typical target 
diameter for T i0 2 is -220 nm, the SdFFF conditions used in this workywere 
optimized for analyzing pure T i0 2 particles (density of 4.28 g/cm3) larger than 
80 nm. In other words, a 40 nm particle would not be retained. New optimum 
conditions need to be calculated and employed. (With current instrumentation, 
the smallest retainable T i0 2 particle is 27 nm.) This illustrates a potential pitfall 
for SdFFF, that is, a distinct and unexpected population of small particles may 
not be observed if the separation conditions were set up for a different range of 
diameters. On the other hand, an inherent weakness of PCS is that at least a two
fold difference in size is needed for two distinct populations to be registered. 
Hence, the 90 nm and 191 nm populations may be too close in size to be 
distinguished by PCS. Another potential source of error arises from the PCS 
software automatically fitting all data to a Gaussian curve. Studies have also 
shown that PCS results for polydisperse samples can be erroneous (14). 

The main advantages of SdFFF are its high resolution and the 
possibility of collecting fractions eluting from the channel outlet for further 
analysis. The main advantages of PCS are its rapidness and ease of use. 
Consequently, PCS is more suitable for quality control work but SdFFF is 
required when investigating potential explanations to anomalous results. 
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Chapter 15 

Characterization of Physical and Chemical 
Deterioration of Polymeric Bridge Coatings 

Y. C. Jean1, H. Cao1, R. Zhang1, J. P. Yuan1, H. M. Chen1, P. Mallon1, 
Y. Huang1, T. C. Sandreczki1, J. R. Richardson2, J. J. Calcara2, and Q. Peng2 

1Department of Chemistry, University of Missouri at Kansas City, 
Kansas City, MO 64110 

2Department of Civil Engineering, University of Missouri at Columbia, 
Kansas City, MO 64110 

The environmental durabilities of several commercial bridge 
coatings are being investigated by exposing samples to accelerated 
UV irradiation. Primary microscopic techniques include positron 
annihilation spectroscopy (PAS), which detects and characterizes 
nanometer-scale physical holes/defects, and electron spin resonance 
(ESR) spectroscopy, which detects broken chemical bonds. For the 
PAS tests, significant decreases of sub-nanometer defect parameters 
are observed as a function of exposure time and of depth from the 
surface to the bulk. This is interpreted as a result of a loss of free
-volume and holes fraction and an increase in cross-link density of 
the polymers during the degradation process. For the ESR tests, 
direct free radical signals are observed as a function of irradiation 
time and chemical environments. A high sensitivity of PAS and 
ESR tests to the early stage of degradation is observed. 

Introduction 
Service life is relatively short for bridge coatings because bridges are subjected to 

ice, wind, de-icing salts, sunlight, water, industrial plant exhaust, and automotive 
chemicals[l]. Furthermore, bridges are subjected to higher frequency dynamic 
vibration due to traffic loads than non-bridge structures. This repeated dynamic 
stressing of the steel elements and surface coatings is likely an additional factor 
contributing to coating degradation. Protective coatings for steel and structural systems 
typically used for transportation often consist of a multilayered structure with three or 
four elements: a topcoat (finish), an intermediate coat, a primer, and in some cases a 
surface sealer for the substrate, which is either metal or concrete [2-3]. Coatings are 
multifunctional materials, which contain organic or inorganic binder, metals, oxides, 
and other minerals. 

© 2002 American Chemical Society 299 
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The purpose of this research is to provide the fundamental knowledge, which will 
lead to long-term durability of protective coating systems for structural materials. This 
research aims directly at the areas of (1) identification of degradation mechanisms of 
polymers in coatings and subsequent development of appropriate models for 
performance predictions, and (2) investigation of synthesis /structure /property 
/performance relationships for coating systems. 

Durability is a primary concern for protective coating systems [4]. There is an 
incomplete understanding of the origins of poor durability in most coating systems. 
Existing methods of assessment of durability and degradation are chiefly macroscopic 
approaches, measuring mechanical properties: adhesion, hardness, pulling strength, 
etc. Most knowledge of coating degradation and failure is based on these evaluations 
of performance. However, the microscopic origins, mechanisms, and progress of 
degradation are not yet ascertained for coating systems. Only recently have 
spectroscopic and physical methodologies begun to be used to investigate the 
underlying course of coating degradation [5]. 

There are two fundamental processes involved in coating degradation, chemical 
and physical changes, although they are interrelated in most cases [6], For example, 
photo-degradation is a chemical process well known to degrade paints [6]. Polymers in 
paint absorb UV radiation, which leads to bond breakage yielding free radicals. These 
radicals initiate chain reactions in polymers, which eventually lead to the degradation 
and failure of polymer paints. TTiis chemical process is a complicated one which 
depends on the composition/fomulation of the coating. The process becomes more 
complicated in the presence of other environmental factors, such as oxygen, moisture, 
pollutants, temperature changes, and long-term dynamic stress loadings. 

A series of microscopic physical defects occurs simultaneously with, and is caused 
by, chemical reactions. The defects involved with chemical degradation initiate at a 
very small scale, on the order of 0.1 nm, as bonds are broken and atoms are displaced 
from polymer structures. Essential information about these atomic- and molecular-level 
defect properties is currently unavailable because of the extremely small scale and very 
brief duration of the phenomena involved. 

Defect sizes and distributions as a function of distance from the top-most surface 
layer down to the bulk of the coating system are being investigated by using an 
innovative physical method, positron annihilation spectroscopy (PAS). Radical 
formation leading to degradation of topcoat/finish coat systems is being investigated 
using electron spin resonance (ESR) spectroscopy. In this way, the origins of 
degradation are investigated in terms of chemical defects at the atomic level. 

In this paper, we report the recent results from a series of PAS and ESR studies on 
commercial coatings which are subjected to the accelerated UV irradiation, i.e. xenon-
lamp light, and QUV lamp. 

Experimental 

Fifteen coating samples as shown in Table 1 were prepared, of which fourteen 
are topcoats and one (sample 3) is midcoat. Those coatings are classified into four 
categories according to chemical composition: polyurethane, acrylic, epoxy and 
metallic-aluminum-containing paint. The detailed description of these commercial 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

01
5

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



301 

coating materials can be found in the product data sheets available at companies' 
websites. 

Table 1. Coating samples studied 

No. Coating Type Coating Name Vender Description 

1 Polyurethane MC-Ferrox A Wasser, Seattle, WA moisture-cured aliphatic 
polyurethane 

2 MC-Luster Wasser moisture-cured aliphatic 
polyurethane 

3 541-D-101 Valspar, Baltimore, MD Moisture-cured urethane Valspar, Baltimore, MD 
intermediate coat 

4 Acrolon218HS Sherwin-Williams, Cleveland, OH polyester modified acrylic 
polyurethane 

5 Poly-lon 1900 Sherwin-Williams polyester-aliphatic 
polyurethane 

6 Carboline 133 HB Carboline, St. Louis, MO aliphatic polyurethane 

7 Carbothane 134 HG Carboline acrylic aliphatic 
polyurethane 

8 Devthane 359 ICI Devoe, Louisville, K Y acrylic aliphatic 
polyurethane 

9 Acrylic Carboline 3359 Carboline Waterborne acrylic 

10 Devflex 4218 ICI Devoe Waterborne acrylic 

11 Devflex 4206 ICI Devoe Waterborne acrylic 

12 Epoxy Epolon II Sherwin-Williams catalyzed polyamide epoxy 

13 Macropoxy 646 Sherwin-Williams high solid polyamide epoxy 

14 Devran 224 HS ICI Devoe catalyzed polyamide epoxy 

15 Aluminum Silver-Brite Sherwin-Williams metallic aluminum in 
Coating Paint petroleum resin 

The coatings were thoroughly mixed and then applied to aluminum sheets using a 
pressurized spray gun (Binks 95, Binks Manufacturing Company, Franklin Park, IL) 
connected with a nitrogen gas tank regulated at 60 psi. The thicknesses of the coatings 
were determined to be ~ 20 μιη using profilometry. 

Two types of artificial light sources were applied in the accelerated UV 
irradiation of the coating samples: a QUV chamber with UVB-313 fluorescent lamps, 
and a xenon arc-lamp light source ( SLM Instrument, Inc., Urbana, IL; with a 
luminescence 32,000 W/m2 over the wavelength range 250 nm to 1,200 nm, 
corresponding to 1,900 W/m2 from 250 to 350 nm). 

The technique of Doppler broadened energy spectra (DBES) of positron 
annihilation coupled with a slow positron beam was employed to measure the first 
three coating samples. The DBES experiments were performed at Brookhaven 
National Laboratory and at the University of Missouri-Kansas City[7]. The energy 
resolution was 1.5 keV at 0.511 MeV (corresponding to the positron 2γ annihilation 
peak). The total counts for each DBES spectrum was 0.5 million with the counting 
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rate of 4000 eps. The obtained DBES data are characterized by S-parameter, as a 
measure of the momentum broadening. The S-parameter is defined as the ratio of the 
central area to the total counts after the background is properly subtracted. It provides 
a qualitative measurement of sub-nanometer defects, such as free volumes and holes, 
of polymers in coatings. The change of S-parameter, -AS = S t - S0, where St and S 0 

are the value after and before irradiation, respectively, gives information about the 
change of physical defects due to weathering. 

The positron annihilation lifetime (PAL) experiments were performed at the 
intense slow-positron facility in the Electrotechnical Laboratory (ETL) in Japan [8]. 
The PAL data were fitted into four lifetimes: τχ (-0.125 ns, p-Ps); i2(~0.4 ns, 
positron), τ 3 (1-3 ns, o-Ps in coatings) and τ 4 (>10 ns, o-Ps in vacuum). Detailed 
description of DBES and PAL can be found in our previous paper s [9-11]. 

ESR experiments were performed on the topcoats to detect the free radicals 
involved in the photochemical reactions. The spectra were recorded using a Bruker 
ER-200-D X-band ESR spectrometer. Spectral scans were 15 mT, and were averaged 
from 3 to 10 scans at a scan rate of 0.30 to 0.75 mT/s. Modulation amplitude was 
typically 0.5 mT. 

Results and Discussion 

PAS: 

Bridge coatings are multi-layered systems and each layer is a complex mixture of 
polymers, solvents, pigments, stabilizers, binding agents, and other additives used to 
achieve desired properties. In our previous paper [9], a three-layer depth profile of the 
S-parameter in aircraft topcoat MIL-C-85285B was observed: a surface skin polymer 
layer, an intermediate layer and the bulk. Figures 1-3 show the results of S defect 
parameter in three different coatings both un-irradiated (virgin) and one hour xenon 
lamp light irradiated as a function of positron incident energy. 

The variation of S-parameter vs. positron incident energy is: a sharp increase near 
the surface (<20 nm), then a decreases. This variation is a general feature for 
polymeric coating systems. This has been interpreted in terms of a multi-composition 
[9]. This multi-composition feature in the topcoat can be interpreted as being due to a 
concentration gradient of the pigment from the surface to the bulk. This feature is also 
observed in the slow positron lifetime results discussed later. Below 20 nm from the 
surface, there exists a polymer skin layer. The small value of S at the surface is due to 
the back-diffusion of slow positrons implanted and not detected by the solid state 
detector. This is a general phenomenon for neat polymers. The decrease of the S 
parameter inside 20 nm is a result of positron annihilation with paint, which contains 
pigments. For example, the 3d electrons from Ti in T i0 2 has a higher electron 
momentum which will lead to a smaller value of the S parameter than that in 
polymers, which contain lower momentum Ο, H, and Ν atoms. 

It is interesting to observe a smaller value of the S-parameter in Xe-irradiated 
samples than in virgin samples. A decrease of the S parameter due to UV irradiation 
is observed. 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

01
5

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



303 

0.490 ρ 

0.485 -

0.480 -
Β 
ω 
i 0.475 -

0.470 -

0.465 -

0.460 -

Mean Depth (μπι) 

1 2 4 6 _1 r -t Γ 
10 

55407 Mc-Ferrox A (Wasser) 
Sample 1 

> 
• Virgin 
• Xe lh r 

10 20 30 
Energy (keV) 

40 50 

Figure 1. S-defect parameter vs positron incident energy in un-irradiated (virgin) 
and irradiated coating sample 1. 
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Figure 2. S-defect parameter vs positron incident energy in un-irradiated (virgin) 
and irradiated coating sample 2. 

This observation is also consistent with our existing findings for aircraft coatings 
under different UV wavelengths [9-11]. The magnitude of the S-parameter reduction, 
-AS = S t - S0, is calculated and -AS vs. the depth from the surface is plotted in 
Figure 4 for different samples. The decrease of -AS with depth (d) indicates an 
attenuation of UV intensity as the light enters the samples. 
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Figure 3. S-defect parameter vs positron incident energy in un-irradiated (virgin) 
and irradiated coating sample 3. 
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Figure 4. The reduction of S parameter (—AS) due to 1 hr of Xe light irradiation vs. 
positron incident energy in three coating samples 1,2, and 3. 
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The absorption of UV light can follow an exponential function according to 
Beer's law: -AS, = -AS^(l-e~a), where -ASWX is maximum change inside 
the thin polymer layer (>20 nm). However we found that the variation of -AS vs d is 
more rapid than single exponential can describe for coating systems. For a good fit 
to the data, two exponential functions are required for Xe-irradiated data. Figure 5 
shows such a two-exponential fit with -ASmax=0.053, and 0.065 with ε=5.7 and 0.46 
μπί 1, respectively. 

Energy (keV) 

Mean Depth (μπι) 

Figure 5. The reduction of S parameter (-AS) due to 1 hr ofXe light and 100 hrs of 
UVB (313 nm) irradiation's vs. mean depth from the surface in sample 1 coating. The 
solid line is fitted with two exponential functions for Xe-irradiated data. The dashed 
line is fitted with single exponential for UVB-irradiated data 

The need of two exponentials is due to the spread of UV wavelengths from a Xe-
lamp light source. In general for a monochromic light source, -AS vs d can be fitted 
by a simple exponential function according to Beer's law. For example, in Figure 5, 
we also present -AS vs the mean depth for the sample subjected to a QUVB source 
(which peaks at 313 nm with a spread of about 40 nm). In the case of 313 nm UV 
light, we found -AS 1Ίΐαχ

=0.071 and ε=0.85 μπι"1. The ε value agrees with the extinction 
coefficient measured by using UV spectroscopy. The current results support our 
original idea that the S parameter is a measure of defects induced by UV irradiation. 
From the magnitude of -AS shown in Fig. 4 for these three different paints, we rank 
the quality of durability against UV irradiation as sample 1 > sample 2> sample 3. 
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From these observations, we obtain the following results for the PAS method: (1) 
S is a new physical parameter to test the durability of coatings in terms of sub-
nanometer defects induced by UV irradiation. (2) The positron technique provides a 
defect profile from the surface to the bulk at a depth precision about 10% of the mean 
depth. (3) The sensitivity for detecting deterioration is a few minutes for the 
accelerated Xe-light source, 10 hrs for the 313 nm UVB source, and 50 hrs for the 
340 nm U V A source. (4) The detection can be applied to both transient and 
permanent defects by performing in situ or ex situ experiments, respectively. 

Slow positron annihilation lifetime (PAL) experiments were also performed 
using the same series of samples to obtain the free-volume and hole sizes. In this 
method, the measured ortho-Ps (o-Ps) lifetime, τ 3 has a direct correlation with the 
free-volume and hole size which is typically a few tenths of a nm [12]. The o-Ps 
lifetime (τ3) and its intensity (I3) were resolved from the data using a multi-
exponential analysis. From these results, we then calculated the hole radius R of free 
volumes according to a correlation equation[10] as shown in Figures 6-9. In virgin 
coatings, o-Ps lifetime (τ 3 - 2 ns) shows different variations as a function of depth: it 
can be larger or smaller near the surface as plotted in the left plots of Fig. 7-9. 
However Xe-light irradiation significantly reduces the defect size as seen from the 
consistently smaller values compared with the virgin data at the same energy. This is 
interpreted as smaller holes being formed after UV irradiation. Similarly, a large 
change in o-Ps intensity as a function of irradiation time is observed. I 3 systematically 
decreases with Xe light irradiation. Since o-Ps intensity has been suggested to be 
correlated with free-volume fraction in polymers [12], the decrease of o-Ps intensity 
can be interpreted as a reduction of free-volume and hole fraction induced by 
photodegradation of the coating material. The decrease of I3, which is a measure of 
o-Ps formation, is consistent with the decrease of the S-parameter, which is a measure 
of p-Ps formation. A possible explanation for the decrease of the free-volume fraction 
is that there is an increase in crosslink density during the degradation process. In our 
previous paper [12], we observed a direct correlation between the free radical 
intensity and the S-parameter. The transient free radicals recombine and crosslink to 
form a terminal structure with a higher density. The highly crosslinked structure 
restricts the free motion of the polymer chains and therefore reduces the free-volume 
fraction. 

Figures 9 compares the depth profile of -AS and -ΔΙ3 of the topcoat after 1 hrs of 
Xe-light irradiation for the first sample. The consistency of these two parameters 
show that both DBES and PAL coupled with slow positron technique can provide 
qualitative information on the sub-nanometer defect profile of coating materials. 
Figure 10 compares -Afv(the loss of free-volume hole fraction) for the three different 
samples. The magnitudes of degradation for those three paints indicated by -Afv 

values are consistent with - AS in Figure 4. 
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Figure 6. The free-volume hole radius (left) and its intensity (right) vs positron 
incident energy in coating sample 1. 
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Figure 7. The free-volume hole radius (left) and o-Ps intensity (right) vs positron 
incident energy in sample 2 coating 
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Figure 8. The free-volume hole radius (left) and o-Ps intensity (right) vs positron 
incident energy in coating sample 3. The R of irradiated sample was found to be no 
difference from the virgin values. 
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Figure 9. Comparison of the reduction in the defect parameter (-AS) and the loss of 
free-volume hole fraction (-Afv) vs positron incident energy in coating sample 1. 
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Figure 10. Comparison of the loss of free-volume hole fraction (-Afv) vs positron 
incident energy in three coating samples 1,2, and 3 

ESR: 

Samples for use in the ESR studies were applied to aluminum sheets. They were 
then exposed to xenon-lamp irradiation under two different sets of conditions. In the 
first case, fourteen commercial topcoat materials were irradiated for 30 minutes under 
vacuum at -196°C. They were then examined by ESR to detect the presence of free 
radicals, indicating photo-induced bond cleavage. Currently, we attempted to 
correlate the change of ESR spectral amplitudes, Δ, with susceptibility-to-bond 
cleavage, which is an important process in photodegradation. However, the data 
presented here have not yet been correlated with changes in coating performance (e.g. 
loss of gross). These experiments are currently in progress. The results are 
summarized in the bar chart shown in Figure 11. The seven different polyurethane 
samples identified in the chart had significantly different numbers of free radicals 
following irradiation, 
with spectral amplitudes varying by as much as a factor of three. The Poly-Ion 1900 
sample appeared to be the most susceptible to bond cleavage, in that it had the highest 
number of free radicals. The Carboline 133 HB had the lowest number of radicals. 
The three epoxy samples displayed an even wider range of susceptibilities to bond 
cleavage, with spectral amplitudes varying by as much as a factor of four. The Epolon 
II sample had the highest number of free radicals, and the Devran 224 HS had the 
least. The three different acrylics displayed a narrower range of susceptibilities, with 
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Figure 11. Amplitude of ESR signals after 30 min of Xe-light irradiation on 14 
commercial samples (Table 1) in vacuum at 77 K. 

the spectral amplitudes varying by less than ten percent among the samples. Al l the 
acrylics had a low-to-moderate susceptibility to bond cleavage compared to the 
polyurethane and epoxy samples. Finally, the metallic aluminum-containing sample, 
Silver Brite, showed the highest susceptibility to free radical formation of all the 
samples, with a spectral amplitude approximately five times greater than that of the 
most stable sample of the fourteen, Devran 224 HS. The above data was acquired in 
order to quickly determine the relative stabilities of commercial paint formulations to 
short-wavelength light. The results in Figure 11 indicate that knowledge of a 
topcoat's chemical class (e.g., polyurethane or epoxy) is not enough to predict its 
photo-stability, and that is possible to formulate highly stable polyurethanes and 
epoxies. The performance of the acrylics was nearly as good at those of the best 
epoxy and polyurethane. 

Seven of the above topcoats were down-selected for further investigation. These 
include two each of the polyurethanes (Poly-Ion 1900 and Carboline 133HB), epoxies 
(Epolon II and Macropoxy 646), and acrylics (Devflex 4218 and Devflex 4206), plus 
the one aluminum-containing topcoat (Silver Brite). This down-selected set of 
samples was exposed to xenon-lamp irradiation under a second set of conditions, viz., 
up to 30 minutes at room temperature under 1 atmosphere of 0 2 . From a set of related 
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Figure 12. Amplitude of ESR signals after 30 min of Xe-light irradiation on 7 
commercial samples (Table 1) at room temperature and under 1 atm oxygen. 

Macroepoxy 646 Xe-lamp Irradiated at 25aC and 1 atm O., 

Figure 13. ESR spectra from sample 1 coating following different times of Xe-
irradiation. 
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experiments on polyurethane clearcoats, it is known that the temperature alone (up to 
150 °C) does not result in measurable radical production. Under these conditions, 
photo-generated free radicals exist in a mobile environment, and therefore freely react 
with their surroundings. The result is that the radicals observed are only those net 
radicals that remain after a sequence of reactions with neighboring chains. These are 
often secondary (or later) radicals formed from the reaction of the initial photo-
generated primary radicals. A reason for performing this experiment, is that the 
added molecular mobility and the presence of oxygen enable the process of photo-
oxidative degradation to occur. This process can include branching chain reactions 
that result in extensive bond cleavage per photon absorbed. The results of this 
investigation are shown in Figure 12. There are at least two main features to be 
noted. First, most of the samples have a very similar net number of radicals following 
exposure to the photo-oxidative environment. This is in marked contrast to the 
widely varying numbers of radicals observed under vacuum at -196°C (Figure 13). 
Second, one of the epoxy samples (Macropoxy 646) produced an unusually high 
number of observable radicals under these exposure conditions, with the net 
number of radicals for this sample being nearly three times higher than the average 
for this group of samples. ESR spectra from the Macropoxy 646 sample are shown in 
Figure 13, where the large increase in signal intensity (due to broken chemical bonds) 
with exposure time is evident. Without examining a second set of these same samples 
following xenon irradiation at room temperature in vacuum it is not possible to 
comment on the role of 0 2 in determining the lifetimes of the radicals in the coatings. 
For example, two alkyl-peroxy radicals can combine to form a stable non-radical 
product, plus molecular oxygen. This decay pathway is only available for radicals 
produced in a photo-oxidative environment, and not in an oxygen-free environment. 
This second set of experiments is in preparation. 

A major aspect of this project involves the correlation of photo-sensitivity of the 
different coatings with their molecular structures. To accomplish this, topcoat resins 
are being analyzed using high performance liquid chromatography (HPLC) along 
with nuclear magnetic resonance (NMR) and Fourier-transform infra-red (FTIR) 
spectroscopies. Chromatography allows separation of commercial formulations into 
their separate chemical components, and the spectroscopic techniques identify the 
molecular structures of the components. In a related study, we have determined that 
the polyester polyol component of a particular polyurethane clearcoat is the 
component susceptible to photo-induced bond cleavage, and that an aliphatic radical 
is a major component of the ESR spectrum. 

Conclusion 

In this paper, we have presented a series of results on the photodegradation of 
polymer-based coatings induced by Xe-light irradiation as studied by slow positron 
annihilation and electron spin resonance methods. The S-parameter and o-Ps 
intensity from the positron method are found to decrease with exposure time. Current 
results show that the slow positron technique is a sensitive tool for detecting coating 
degradation in a time much earlier than for any existing testing methods. The electron 
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spin resonance results show promise for identifying the specific chemical bonds or 
locations which are responsible for the deterioration of coatings. Combining these two 
atomic and molecular testing methods will be pursued next in a systematic way for 
both commercial products and model compounds. The next major research activity is 
to perform engineering tests and to correlate change in macroscopic engineering 
properties with observed nano-scale changes detected by PAS and ESR. 
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Chapter 16 

Fundamentals of the Measurement of Corrosion 
Protection and the Prediction of Its Lifetime 

in Organic Coatings 
Gordon Bierwagen1, Junping Li1, Lingyun He1, and Dennis Tallman2 

Departments of 1Polymers and Coatings and 2Chemistry, North Dakota State University, 
Fargo, ND 58105 

I. Introduction 

In this paper, we will consider, first, the fundamentals of the measurement of 
corrosion protection of organic coatings. This first portion will emphasize 
electrochemical characterization methods for the corrosion protective properties of 
organic coatings, especially electrochemical methods, and the information about the 
coating such characterization gives us. In the second portion of the paper, we will 
consider the use of two of these methods, electrochemical noise methods (ENM) and 
electrochemical impedance spectroscopy (EIS) to consider film thickness effects on 
corrosion. In the third section, we will show how one can pred corrosion protection 
lifetime of organic coatings from ENM and EIS data obtained in immersion and 
Prohesion exposure. 

II. Basics of Measuring Corrosion Protection Properties of 
Organic Coatings 

A. Introduction 

The corrosion protection properties of organic coatings are some of the most 
important properties of the entire coatings system. In a standard (top coat + primer + 
metal pretreatment) coatings system, the topcoat provides water resistance and 
barrier properties, the primer provides corrosion protection when the coating system 
is damaged as well as adhesion to the metal substrate, and the metal pretreatment 
provides some damage protection as well as a surface to which the primer adheres 
strongly. Each layer in this complex three-layer structure must perform properly in 

316 © 2002 American Chemical Society 

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

01
6

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



317 

order to achieve optimal corrosion protection. Therefore, the testing of corrosion 
protection is a very important component of the entire battery of tests performed on 
this coatings system. 

B. Exposure Testing - Qualitative Analysis 

Much of the testing of the corrosion protective properties of organic coatings 
is done by natural outdoor exposure at sites of high corrosivity or accelerated 
exposure in an exposure cabinet. The former is performed at sites such as Laque, 
NC, the DOD test site on Key West, FL, or sites of high industrial corrosivity such as 
Chicago, Cleveland, or Pittsburgh. Coated test panels, which can be scribed or 
unscribed, are exposed for controlled periods of time, and qualitatively examined for 
signs of failure such as blister density, visual signs or corrosion, creep of visible 
corrosion from a scribe mark on the coating. One difficulty of outdoor panel 
exposure is the time required to achieve interprétable results. Another difficulty of 
such field-testing is that only qualitative information that is generally available from 
these exposures (see below). Image analysis of the panels helps to provide improved 
ranking accuracy, and the use if in situ electrodes during the exposure provides some 
quantitative electrochemical information during the exposure.1 

In exposure cabinet testing, scribed or unscribed panels are put in a cabinet 
which either continuously exposes the panels to a spray of electrolyte solution at 
elevated temperature, or exposes them in a cyclic manner to electrolyte spray, then to 
dry periods, both at elevated temperature.2 If the standard salt spray test, run 
according to ASTM Β117, is used, the electrolyte solution is 5% NaCl, and the 
temperature is 95°F. In cyclic exposures, the ProHesion™ test protocol is the most 
commonly used, but others have been used. For all of these exposure tests, the 
evaluation is usually a visual, qualitative ranking based on blister count in a fixed 
area of the exposed face of the panel, percent area of exposed panel area corroded, 
and the distance the corrosion has moved from a scribe mark on the panel face. A 
picture of panels in a Q-Fog™ Test Cabinet1 is given in Figure 1. 

The cyclic test methods have proved superior to continuous exposure as in 
the ASTM B l 17 protocol.3 Valuation of the results of these methods are very non-
numerical in nature and have not always yielded rankings the agree with actual field 
exposure. Recently, image analysis of the panels has been utilized to perform the 
evaluation,4 and this has improved the accuracy and reproducibility of the ratings. 
Still, exposure evaluation with these evaluation methods has not given an lifetime 
predictive capability and the regular salt spray testing has given many incorrect 
results on non-chromated, environmentally benign systems. 

1 Q-Panel Corporation, Cleveland Ohio 
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Figure I. Coated Metal Panels in Exposure in Q-Fog ™Test Cabinet 

C. Electrochemical Testing 

Because of the problems inherent in exposure testing methods, especially 
their subjective nature, quantitative electrochemical testing has become quite widely 
used.5 This increased use is also due to the fact that the instrumentation for this 
testing has recently become easy to use and less expensive than it has been in the 
past. The major electrochemical test methods used for examining coatings systems 
and metal pretreatments are electrochemical impedance spectroscopy (EIS), electrical 
noise methods (ENM), and potentio-dynamic scanning.5'6 

1. EIS Methods 
EIS measures the complex impedance of a coated metal panel immersed in a 

test electrolyte as a function of the signal frequency.7,8 Advantages of EIS are its 
relative ease of use, reproducibility, and the fact that one can compare physical 
models for coated metal systems with experimental results via equivalent circuit 
modeling. The electrochemical cell used for this type of test is pictured in Figure 2. 

The format most commonly used for data representation is Bode plot format, 
where the modulus, |Z|, or the phase angle, φ, of the polar representation of the 
complex impedance is plotted vs. log measurement frequency. An example of this 
for |Z| vs. frequency is given in Figure 3. 

This figure shows several features of EIS results from organic coatings. The 
first is that high performance coatings show mainly capacitive performance, a linear 
negative slope in |Z| vs f, through to low frequencies (f < 0.01 to 0.0001 Hz), and 
high 
|Z| values at low frequencies. The phase angle is - 90° at high frequencies, consistent 
with capacitive behavior shown with the modulus, and it increases towards 0° at low 
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frequencies, showing the system is acting more like a pure resistor at low frequencies. 
For poor or degrading coatings, the purely capacitive behavior of |Z| ceases at higher 
frequencies, and the system begins acting like a resistor, |Z| independent of f, at these 
frequencies. The phase angle shifts from - 90° at frequencies such as 10 - 100 Hz. 
Further details of the interpretation of EIS data are given by Scully, et al.,9 Murray10, 
and de Wit, et a l . 1 1 1 2 In general, EIS has become one of the must used 
electrochemical measurements used for coatings characterization, but the data 
generated by this method must be treated with great care, and multiple samples used 
to insure the measurement contains no artifacts. EIS data is especially sensitive to 
imperfections in samples and film thickness. 

2. ENM Studies 
ENM is the other electrochemical method besides EIS that can used to 

characterize the corrosion protective properties of coatings. It is a method that has 
been used since 1986 for examining organic coatings and their performance.13 The 
experimental method consists of the monitoring the spontaneous fluctuations in 
voltage and current that occur between two identical coated electrodes in electrolyte 
immersion.14 The electrode configuration for these experiments is show in Figure 4. 
This configuration is that used by Eden, et al.,1 3 in their studies, and utilizes a 
reference electrode to monitor the potential fluctuations. The electronics, plus a 
multiplexer, for running semi-continuous monitoring of up to eight samples in shown 
in Figure 3. The data from ENM is most commonly analyzed by calculating the noise 
resistance, Rn, 1 5' 1 6 from the data. Other parameters can be extracted from ENM 
measurements by spectral analysis of the time series data.1718 

One manner in which the R,, data is presented in shown in Figure 5, where 
R„ values vs. time of immersion exposure are given for aircraft primers and topcoat 
systems under consideration in our laboratory. The data shown has been fitted with a 
straight line in this log (RJ vs. time plot, indicating an approximately exponential 
decay of the coating resistance with immersion time. We have been recently 
analyzing our data by such fitting, and have found that many of our R„ vs. time of 
exposure results can be fitted in this manner. This would indicate a first order decay 
of resistance, or barrier properties, with time, and implies that there is a single 
physical or chemical change causing the fall in coating performance. This type of 
analysis can be performed also on low frequency |Z| vs. time data, and similar results 
are seen.19 We will discuss the use of this type of data analysis for lifetime prediction 
later in this paper. 

3. Hygrothermal Effects 
Sometimes these methods coupled to simple panel immersion are 

insufficient to differentiate between high performance coatings, or the results take 
excessive amounts of time to achieve proper results. In many cases, the decay of 
performance of coatings may be accelerated by raising the temperature of immersion 
in the test electrolyte on a continuous basis or to cycle the temperature from room 
temperature to a higher temperature and then cool it back to room temperature. The 
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0.1 1.0 10.0 100.0 1000.0 

Frequency 

a.) |Z| vs. Frequency 

τ · — ·—• 1 1 1 — 

0.1 1.0 10.0 100.0 1000.0 
Frequency (Hz) 

b.) 
Figure 3. Bode Plots for Coated Metal Substrates: 

a. |Z| vs. Frequency for Various Panels 
b. Phase angle for vs. Frequency for Various Panels 
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Figure 4. Electronics Configuration for ENM Measurements 
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1.0E+10 

15 20 25 

Immersion Time, weeks 

Figure 5. Rn versus Immersion Time for Aircraft Coatings over Al 2024 T-3 

cycling may also be performed several times to achieve further differentiation 
between samples that are quite close in performance, or to analyze the quality of a 
very good sample. Initial analyses of the effects of heating and cooling of an epoxy 
powder coating (sometimes known as a fusion bonded epoxy coating, or FBE) on 
pipeline steel has been presented in prior publications from this laboratory.20,21 

Granata and co-workers have 
also considered related effects,22 as have Kuwano, et al.23 One of the major features 
of thermal cycling in immersion is that it accelerates the water uptake in the coatings, 
and in the case of many coatings this water plasticizes the film and decreases the 
barrier properties of the film considerably. In ref. 20, we have shown that we can use 
ENM and EIS to measure the glass transition temperature, Tg, of the immersed, 
plasticized, coating, and also showed that the water uptake is irreversible as long as 
the coating is kept immersed. 

More recently, we have considered thermal cycling to analyze plasma 
polymer pretreatments + a chrome-free cathodic electrodeposition primer over A l 
2024 T-3 as a chrome-free replacement for traditional pretreatments and primers for 
this aerospace alloy. The system under study give exceptional performance in an 
undamaged mode, and to differentiate between these good samples we have been 
utilizing thermal cycling. The thermal cycle we have found useful is outlined in 
Figure 6. 
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Figure 6. Thermal Test Cycle Used to Differentiate "Good" Samples 

III. Consideration of Film Thickness Effects in Corrosion 
Protection 

A. Introduction 

In organic coatings used for corrosion protection, it is widely known, in the 
form of collective experience, that thicker coatings generally provide better 
protection than thinner coatings, that there may exist a thickness below which the 
coating has significant performance degradation24 and that there may be a second 
thickness above which no further increase in performance occurs. Further, it also 
seems to be widely known that multiple coating layers provide better corrosion 
protection than one-coat systems. In discussions with many users and researchers in 
the field of corrosion protective organic coatings25, this information is well known, 
but the specifics of film thickness dependence in electrochemical measurements, and 
the possible asymptotic nature of the electrochemical response of films is not well 
documented. Further, we cannot find numerical documentation of single vs. multiple 
layers examined at equal total film thicknesses. We believe this situation exists for 
several reasons: 

1. The past difficulties with, and the time consuming nature of, multiple 
electrochemical measurements 

2. The difficulties in casting with controllable accuracy a wide range of 
film thicknesses 
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3. The presence of intuitive, common knowledge - no perceived need for 
study. 

In the work, described below, we describe our investigation of the film 
thickness effects on electrochemical properties of several types of coatings as 
measured in immersion in electrolyte. These studies were performed on cold-rolled 
steel Q-panel samples using marine two component epoxy-polyamide coatings. The 
films were cast in "draw-down" form, and multiple samples of each film thickness 
were examined. 

B. Field Knowledge on Film Thickness Effects 

Let us call what is known about film thickness effect in the direct use of corrosion 
protective coatings that exists in non-peer reviewed form "field knowledge." Below 
we will try to give a very abbreviated form of this field knowledge appropriate to this 
study. It has been known and observed by many corrosion protective coatings users 
that "thicker is better" and that multiple coats of paint are better than a single coat. 
This has been discussed in several books, 2 4 , 2 6 , 2 7 but only qualitative observations are 
given. There seem to be hints of descriptions the improved performance of multiple 
coats vs. single coats, but no direct comparisons at constant total thickness. 
Deliberately thick coatings are known to provide extra corrosion protection on 
pipelines and the stone impact areas on automobiles and trucks. In these cases, the 
thick coating provides abrasion and mechanical damage protection resistance 
supplemental to the corrosion protection of the coating system. This points out that 
there are often many components to the protection a coating provides that is often 
summarized only as "corrosion protection." There is documentation that there may 
exist a minimum film thickness for adequate corrosion protection, but the 
performance data described is mainly qualitative in nature, and involves no 
electrochemical measurements.28 No specifics are provided by observers on this 
issue, and little has been done to document the minimum film thickness for 
performance. This may be for several reasons, among them the problem of film 
application defects which are often judged to be eliminated by a "sufficiently thick 
coating," a lack of control of applied film thickness, and a concern about insuring 
more than adequate film thickness by recommending a user film thickness in excess 
of the performance minimum. Many suppliers of corrosion protective coatings 
provide qualitative thickness guidelines for use of their materials and may often 
recommend that the coatings be applied in two-coats, for example, but offer little in 
the way of numerical performance data to validate their suggested film thicknesses of 
use. In short, it is difficult and time consuming to accumulate corrosion protection 
performance data as a function of film thickness, and using the more subjective tests 
such as continuous salt fog exposure (e.g. ASTM B l 17), there was not even good 
numerical data to utilize for differentiation between samples. 
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C. Literature On Film Thickness Effects 

A literature search on this problem revealed very few references that 
explicitly dealt with film thickness and included numerical, electrochemical 
characterization of coatings. Di Sarli, et al}9, examine film thickness effects on 
coating properties vs. time in immersion in electrolyte for several types of coatings, 
mainly chlorinated rubbers, phenolics, and mixtures thereof. In a given set of 
measurements, at most, four film thicknesses values of one coating were studied. No 
data was analyzed directly vs. film thickness, and a single statement that the 
relationship between the resistance and capacitance values calculated from impedance 
measurements and film thickness was non-linear. The film thickness range examined 
was from 55-270 μιη. The authors did observe that thinner films degraded faster than 
the thick, but used the explanation of Mills and Mayne30 that a thicker coating meant 
less chance of weak points in the coating. Amirudin & Thierry31 examined some film 
thickness dependence in study of coatings using Electrochemical Impedance 
Spectroscopy (EIS) methods of coated steel panels in immersion in electrolyte, and 
used a simple Randles-type equivalent circuit for analysis of the results. They present 
results as film resistance and film capacitance vs. time at three different thickness 
each for an alkyd, an epoxy and a bituminous coatings. In all cases, they observe that 
the resistance of the thicker coatings was greater than thinner coatings, the rate of 
decay of the coating resistance vs. time was larger with thinner coatings, and the 
increase of the capacitance with time of the film, a measure of water uptake, 
decreased with increasing film thickness. They examined only three film thickness 
for their systems, and no reproducibility data was provided. Scully32 examined a 
range of film thicknesses in a study of marine epoxy-polyamide coatings in 
immersion in sea water by impedance and visual rankings. His results very closely 
parallel those of ref. 31, and again, no explicit analysis of film thickness is presented. 
Mertens et al.33 confirmed that the film thickness of organic coatings has severe 
influence on the metal substrate. In this case, EIS measurements were completed on 
alloy pre-coated steel substrates with extreme thin unpigmented coating films (0.5 
-2.0 μιη). The electrochemical parameters (film resistance, effective pore area, and 
active surface area fraction) were plotted against film thickness. The inflection points 
manifested in all these plots, and die authors related these points to the critical film 
thicknesses under various immersion conditions considered. Since only 3 film 
thicknesses for each system were checked in this study, more detail and complete 
information about the film thickness effect could not be gained. Babic, et al34, 
consider film thickness in EIS studies of "thick" vs. "thin" coatings, and make 
conclusions similar to the previous references, the resistance of thicker films is 
higher, and tends to decay more slowly than thinner coatings. Again, no data is 
plotted vs. film thickness, and the reproducibility vs. thickness is not shown. Murray35 

presents the most complete set of data on the examination of film thickness effects 
that we have been able to find. The electrochemical methods he used were EIS and 
dc resistance measurements vs. time on polyurethane films over steel at thickness 
values ranging from 930-7010 μπι. For dc resistance values vs. film thickness, he 
saw a linear relationship of the form, Rdc = kh, where h is film thickness. Using the 
simple relationship to analyze the capacitance, C, data for a dielectric film vs. 
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thickness, C = εε/h, where ^and ε0 are the dielectric constants of the film and free 
space, respectively, he showed a linear inverse dependence of the dry coating 
capacitance with film thickness. He also observed a linear relationship between film 

thickness and the y tb , where tb is the time at which the corrosion potential of the 
metal in immersion begins to change. The latter suggests a diffusion control process. 
Again, the rate of decay of film resistance values was greatest with thicker films. 
Haryama, et al36., examined the effects of film thickness with respect to film 
delamination by cathodic charge transfer, and showed that the area of disbonding and 
charge transfer, independent of film thickness. 

D. Basic Theory of Film Thickness Effects 

If one measures the resistance, R (area corrected, in units of ohm-cm2), of 
organic coating films electrochemically at various film thicknesses, h, then one can 
determine a film resistivity, p, from these data as 

This follows directly from the basic examination of the resistivity, where the total 
resistance is the length times the resistivity.37 This implies that there should be a 
continuous increase of film resistance with film build as measured by electrochemical 
means, and that there should be no upper limit to the film resistance due to a 
thickness increase for uniform coating films. We have discussed how this has been 
examined by past workers, and that there appears significant data to show that in thin 
films and in very thin films there is a divergence from this expected behavior. 
Analysis of the resistance behavior of organic coating films immersed in electrolyte 
has shown that films do not very often show simple behavior as a pure resistor 
(purely resistive behavior in EIS studies, for example)38. The study of film thickness 
behavior on electrochemical measurements of film performance has been very often 
based on the use of equivalent circuit modeling.17 The coating resistance can also be 
characterized by Electrochemical Noise Methods (ENM) 20>21'39. In this case, two 
nominally identical coated metal panels are usually used as the work electrodes and 
joined together dining measurement via a zero resistance ammeter, and the 
spontaneous naturally occurring voltage and current fluctuations are measured 
without imposing a external signal, i.e., voltage or current. Then, the electrical 
resistance, now called noise resistance R„, can be calculated as40 

where, the σν and σ· are the standard deviations of the voltage and current noise 
signals, respectively. 

(1) 

(2) 

In a simple analysis of a single film, as described immediately above, this is 
the sum of the film resistivity and the film thickness plus a term dependent on only 
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the metal and its oxide surface. Thus we could write simply for a single coat system 
of resistivity ρ and thickness A, 
(3) R = ph + RS^ACE 

By this simple model, a plot of resistance vs. film thickness should yield a straight 
line with a slope ρ and intercept RJurface if we could extrapolate to zero thickness. 
However, very thin paint films fail and begin to delaminate almost immediately upon 
immersion in electrolyte, and the limiting low film thickness behavior of thin films as 
analyzed by this method is not readily measured by EIS or other resistance methods 
depending upon immersion. Further, as films become very thin, it is very difficult to 
cast traditional paint films without out defects or non-uniformities, and the 
measurement of R becomes dominated by film defect effects, and the resistance 
measured is the resistance of substrate/electrolyte interface. If we have multiple paint 
coatings, by these arguments we should be able to calculate the resistance of our 
simple circuit in Fig. A as 

(4) R = 5 > A ) + Σ Λ Γ * " + R * f a c e 

M 7=1 
where we have η layers of coatings and η surfaces between layers plus the metal 
surface. When a coating over a metal fails, there is always a R value characterizing 
the "failed" system, usually somewhat higher that the bare metal because it includes 
effects of a corrosion grown metal oxide. However, we are attempting here to 
generate a model for the interpretation of results that will allow us to separately 
examine the pj terms, and thus terms that are distinctive to the coating material itself. 
It may also allow us to isolate and analyze the interfacial resistance term for the 
metal/substrate interface. Figure 7 illustrates schematically the film layers and 
interfaces. 

£ . Experimental Studies 

In general, the experimental methods follow the methods as described in 
previous publications from this laboratory.14'39'41 The substrate used for film thickness 
studies was cold rolled steel test panel from Parker-Amchem Co., Madison Heights, 
Michigan. The 76mm><228mm><0.7mm (3"x 9" * 0.026") panel was polished and 
pretreated with Bonderite 1000 and Parcolene 60, followed by de-ionized water rinse. 
Al l the panels were cleaned by acetone prior to use. Red alkyd and green epoxy 
coatings, supplied by Courtaulds Coatings, Inc., Houston, Texas, were used. They are 
commonly applied as primers in marine environments for their good corrosion 
resistance in seawater. The alkyd paint is a one-pack system while the epoxy one is a 

two-pack system consisting of epoxy and polyamide resins with the ratio of 
approximately 1 to 1 by volume. As proprietary products, very little technical 
information could be obtained about these paints. 
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. Environment /Coating III In 
: Coating III 

Coating II / III Interphase 

Coating II 
Coating I/II Interphase 

Coating I 

Coating I Interphase 

— Metal Substrate 

Figure 7. Schematic of Multilayer film 

The red alkyd paint was applied as one-coat primer on the steel panels via 
spray. As far as possible, the spray conditions used were similar to what might be 
achieved in the actual painting of a ship although on a smaller scale. The wet coating 
films were allowed to dry for one week under ambient condition, then their dry film 
thickness was measured. The green epoxy paint was applied as single and double coat 
films via an 8-path wet film applicator by hand. The wet one-coat films were allowed 
to air dry under ambient condition for three days before their dry film thickness was 
measured. Some of the one-coat panels were given a second coat of paint right after 
the measurement of film thickness. For each two-coat panel, the second coat 
thickness was controlled as the same as the first one. After one week of air drying, 
film thickness of the two-coat panels was measured. 

F. Film Thickness Measurements 

The dry film thickness of coated steel panels was measured by an 
electromagnetic digital coating thickness gauge, Elcometer 345 FS, made by 
Elcometer Instruments Ltd., England. This is a ferrous type, used to measure the dry 
film thickness of nonmagnetic coatings on ferrous substrates, and is based on the 
principles of electromagnetic induction.42'43 The voltage controlled oscillator in the 
gauge produces a low level alternating voltage to induce a magnetic field by 
energizing one of the coils in the probe. The magnetic field then interacts with the 
ferrous substrate, and the strength of substrate influence is sensed by other probe coils 
in the form of a voltage. The probe is always kept contacting with the coating film 
surface on the substrate. As the magnitude of the reflective voltage depends on the 
distance between the probe and the ferromagnetic substrate, the resulting voltage 
measurement is converted to a thickness reading on the liquid crystal display of the 
gauge. Electromagnetic gauge may provide accurate readings and the ability to make 
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many measurements in a relatively short time. The accuracy of our used gauge is ± 
3% of the reading within the range from 0 to 1250 μπι with the resolution of 0.1 μπι. 
This gauge's statistics mode can show the number of readings, mean value, and 
standard deviation. 

In the measurement of the dry film thickness of painted panels, to ensure the 
accurate readings, gauge was first calibrated by a bare steel panel identical to that 
being coated as well as a series of plastic shim standards covering the expected range 
of coating film thickness. For statistical accuracy, six different places in the central 
region of each panel were measured. The average and standard deviation of the film 
thickness for each of the tested groups were calculated and listed in the following 
tables. The coating film thicknesses were highly reproducible, while all of them being 
within ±10% range of the respective mean value, most of them within ± 5% range. 

Table I. Panels with Red Alkyd One-Coat Films 

Group 1 2 3 4 5 
Pairs 3 3 3 3 3 
Number 
Thickness 33.8 ±2.0 65.5 ± 3.4 74.1 ±2.8 119.2 ±2.5 145.7 ± 4.3 
(μπι) 

Table IL Panels with Green Epoxy One-Coat Films 

Group 1 2 3 4 5 6 7 8 
Pairs 6 3 6 3 3 3 3 6 
Number 
Thickness 24.2 53.2 76.4 87.5 104.0 121.0 141.2 155.4 
(urn) ±2.6 ±3.6 ±2.0 ±2.7 ± 1.7 ±3.5 ± 1.5 ±6.5 

Table III. Panels with Green Epoxy Two-Coat Films 

Group 1 2 3 4 
Pairs Number 6 6 6 6 
Thickness (μπι) 50.7 ± 2.0 89.1 ±2.9 140.8 ±3.7 157.5 ± 5.3 

G. Experimental Details 

In ENM configuration, two nominally identical tested panels were used as 
working electrodes, and a saturated calomel electrode (SCE) as reference electrode. 
To each of the tested panels, using a Goop® marine grade glue (Eclectic Products, 
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Inc., Carson, CA), a cross section of PVC pipe with 2.0 cm inner diameter and 5.2 cm 
height was attached to act as the electrochemical cell for holding the 3 wt.% NaCl 
electrolytic medium. The area of painted panel left to expose to the solution was 12.56 
cm2. Salt bridge was used as a conductive path connecting the electrolytes in the cells 
of each working electrode pair. The setup for EIS measurements was very similar to 
that for ENM test, except it consisted of one tested panel as working electrode and an 
additional platinum net electrode as counter electrode without using salt bridge. 
Both ENM and EIS measurements were performed through Gamry electrochemical 
measurement systems (Gamry Instruments, Inc., Willow Grove, PA): CMS 120 
system was used for ENM while CMS 300 system for EIS. ENM and EIS 
experiments were run on a weekly/biweekly basis, and when the panels were 
measured, ENM measurement was first made, then followed by EIS. In the ENM 
measurement, readings were taken every 2 seconds over a 512-second interval (block 
time). During each measurement, 10 intervals of noise data were acquired on each 
panel. For EIS experiment, the scanning frequency range was 0.02- 65,500 Hz with 
10 mV (rms) applied AC voltage. The two panels of each pair were wired together 
when the panels were set aside between the measurements to ensure their equal 
potential before next measurement. 

IV· Lifetime Prediction Studies 

A. Introduction 

In many of our studies of the electrochemical properties of organic coatings over 
metals during exposure in a Prohesion cyclic test cabinet or immersion in an 
electrolyte solution, we find that both the noise resistance, R„, or the low frequency 
impedance modulus, |Z|, show an almost exponential decay a function of time. 
Further, the "infinite time" limits of these coating resistance values have to be these 
values for the un-coated, bare metal substrate. We discussed this above, and now 
consider this in more detail, and pursue the implications of these results for lifetime 
prediction. 

B. Data Analysis 

If we fit our resistance data by supposing that both |Z| and R„ are exponential 
decreasing functions of exposure time with limiting bare metal values of |Z| m and R/ 1 , 
respectively, we have the following expressions for the low frequency impedance 
and noise resistance values 
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(5) |Z|(tHZ|m+(|Z|0HZ|Jexp(-^) 

and 

(6) Rn(t) = Rr+(R:-R™)exp(->^), 

where |Z| 0 and are the film resistance values at t = 0. The form in which the data 
is analyzed is 

t |Ζ|„-|Ζ|. ) β 
and 

(8) In = • 

The decay constant #(the inverse of the slope of the exponential fit line in the graph 
of ln(|Z|(0-|Z|m) vs. exposure time) and i9(the inverse of the slope of the 

exponential fit line in the graph of ln(i? n (t) — R™ ) vs. exposure time) can be used 

to quantify the decay of |Z| and for different samples. These constants, Ûmd3, 
have the dimension of time and can be considered characteristic decay times for the 
coatings. If EIS and impedance and ENM are tracking basically the same changes in 
the coatings, #and 3 should be almost equal. The constants characterizing the initial 
and final EIS data, |Z| 0 and |Z|m, and the initial and final ENM data, I C andl^"1, along 
with the decay constants can provide a quantitative basis for estimating the corrosion 
rates and performance lifetimes of our samples. For example, a numerical corrosion 
resistance ranking of samples can be determined from these constants. Such an 
analysis also shows the agreement in the predictive value this type of ENM and EIS 
data. By defining failure times as the values for |Z|(t) and R^t) to arbitrary failure 
values, |Z| f a n and Rjm\ we can calculate a time to failure as the time at which the 
resistance has decayed to these values. These time-to failure values are given by 

(9) 

and 

tfail = a\n\ 
\\z\o-\z\S 
\z\m-\z\ m J 
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(10) tff = M In Χκ-κ) 

The mathematical description of the decay of the coating resistance written in this 
way seems to treat many of the features that we see in our almost every sample that 
we have thus far examined. The initial decay rate is quite large, and then the samples 
settle into almost a steady state of slow decay. We are not yet giving a theoretical 
interpretation to the form or values of the decay constants, but we are just using it as 
an empirical tool in our ranking of the samples. As we go further, these decay rates 
may prove useful in lifetime estimates. For example, we can rank coatings based on 
their decay constants or we can rank them on the basis of their time-to-failure 
estimate, as given above or in another form. In all of the above, we can calculate the 
resistivity from EIS, /?, and the resistivity from ENM, /?„, according to equation (3) as 

Oi) A 0 = ^ k 
h 

and 

(i2) A ( 0 = M h £ . . 
h 

Data in this form can be also analyzed as discussed above. 

C. Results and Discussion 

The electrical resistance, low frequency modulus (|Z| at 0.05Hz or 0.08Hz) and noise 
resistance (RJ, were calculated from the raw data acquired from the EIS and ENM 
data on the samples vs. exposure time. The resistances and resistivities (β) results 
were graphed as function of testing time when coated panels were constantly 
immersed in the salt solution during the experimental period of time. 
In all of our studies of the time dependence of the electrochemical properties |Z| and 
Rn, we have observed there is a very distinct early time period immediately after test 
panels are immersed where these properties change very rapidly. The system is 
changing faster at this point than data acquisition can proceed, and the system is 
definitely not "stationary" in the manner required by the definitions of |Z| and B^.44 45 

We often get very high readings for resistances measured during short time periods 
from initial immersion. After 1-5 hours, the system is now changing slowly enough 
that the system is locally stationary (the mean of the data does not change with the 
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measurement period) and the measured values of |Z| and R„ are now physically 
meaningful. This is the point that we choose as time t=0 in analyzing our data 
according the eq. 5-10, defining the |Z| 0 and values used in these equations. We 
often find that values of |Z| 0 and measured in this manner are the same as the |Z| 0 

and R„0 values one would get from including all data, even questionable short term 
values, but extrapolating the linear portion of the plots of log|Z| and logR„ vs. time 
back to t=0. In other words, the data fitting we suggest in equations 5-14, is valid 
only outside the early immersion times. We do not know exactly what is happening 
during these short times of coated metal immersion, but it appears to be related to 
early stages of diffusion of the immersion electrolyte into the film. One may imagine 
that in these short times, non-linear processes related to polymer/water interactions, 
surface wetting and interaction, local polymer relaxation, etc., are occurring. 
Measurement techniques that have an appropriately short time scale are needed to 
detail the events that take place in this early immersion period. We assume in our 
analysis of long term data that the details of these short term events are not crucial to 
our data analysis. Our data implies that on the long term that first order decay 
processes that can be described by a single time constant, θ or θ, accurately enough 
to give reasonably accurate forecasting of coating lifetime. 

In our data analysis, equations (3) and (4) were employed to fit our time 
series data of resistance against immersion time of the panels. Through the least 
squares fit method, the first order exponential fitting equations of our experimental 
time series data can be obtained. The corresponding fitting curves show as straight 
lines in the graphs of logarithmic resistance versus immersion weeks. From the fitting 
equation, the decay constant as well as decay amplitude values can be derived. 
Further, given the resistance values of a bare metal panel, coating service times = 
times-to-failure may simply be estimated by the equation (5) and (6). 

1. Alkyd Marine Coating Systems 
In our film thickness studies, the alkyd marine coatings with five film thickness 
groups were first investigated by ENM and EIS electrochemical techniques. The 
experimental results plotted against immersion time or film thickness were the 
averaged data from each group consisting of three pair of coated panels. 

Figure 8 shows the time dependent low frequency |Z| values at different film 
thickness. |Z| increases with increasing film thickness, and this trend is more clear 
after 30 days in immersion. At the end of experiment, the |Z| of the panels with 
thinnest films dropped by 8 orders of magnitude to 3><102 Q.cm2, essentially the same 
value oas the steel substrate, 2><102 Q.cm2, while the |Z|(t) data for the panels with the 
thickest films maintained around 5 χ 108 Q.cm2, just 1 order less than their initial 
values. 
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Figure 8. \Z\Low Frequency vs. Time for Alkyd Marine Coatings at Different Film 
Thickness 

The same data is shown in resistance units, impedance resistance, in Figure 8 
for the alkyd marine coatings. The variation in film impedance resistiveity p z with 
immersion time at different values of film thickness is illustrated in Figure 9. In 
figure 10, the noise resistance. R„ vs. time is shown. Although the trend is not 
obvious during the early immersion period of time, tends to be smaller with longer 
exposure time due to the solution penetration into the film. Also, thicker films possess 
higher R,, values. By the end of the experiment, the coating films in the thinner film 
thickness groups (33.8μπι, 65.5pm,) show total failures with an R„ around 6><104 

Q.cm2, which is equal to that of the steel substrate, 6x 104 Q.cm2. On the other hand, 
the films from other groups (119.2 μιη,145.7 μιη) exhibited more stable during the 
whole testing period of time. 

A large number of rusty spots were all observed on the surface of 33.8μπι 
and 65.5μπι panels, while little rusty holes were seen on the surface of 74.1 pm 
panels. On the contrary, for the panels with thickest films, no rust appeared, and the 
solutions were clear by the end of experimental. Although, no rusty area was found 
on the panels with 119.2-μπι films, test solution in the cell became unclear, resulting 
from the coating degradation process. 

In both measures of electrochemical properties of alkyd marine coatings, |Z| 
and Rn, we see film thickness dependence of properties, and we observe two different 
decay rates, a large one for thinner coatings (<100μπι), and another smaller rate for 
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Figure 9. Impedance Resistivitiy vs. Time for Alkyd Marine Coatings 

1E+12 

1E+10 Η 

1E+04 A 

1E+02 
0 20 40 60 80 100 120 

Time (Day) 

Figure 10. R„ vs. Time for Alkyd Marine Coatings at Different Film Thickness 

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

01
6

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



337 

the thicker coatings. Not only are the thinner coatings lower in protection, but the 
rate of decay of resistance properties is greater than for thicker coatings of the same 
paint. 
The decay rates calculated from |Z| and are almost equal, once again showing that 
|Z| and R,, are tracking the same changes in coatings46, especially in stationary 
systems and with smoothed data. The same is true for the predicted "lifetime to 
failure using both sets of data. These data are shown in Figure 11, as well as their 
sensitivity to the choice of |Z| m and R/ 1 , the "failure values for the bare metal 
resistances. 

4.5-, 

• — · — ι — ' — ι — 1 — ι — · — ι — · — ι — ' — ι — · — ι — · — I 
20 40 60 80 100 120 140 160 180 

h (μΠί) 

1 ' 1 · 1 ' 1 r——\ 1 1 1 1 1 1 · 1 
20 40 60 80 100 120 140 160 180 

h (μπη) 

b. Predicted Service Time by R for Alkyd Marine Coatings 

Figure 11. Lifetime to Failure Estimations for Alkyd Marine Coatings 
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2. Marine Epoxy Coatings 
In our studies of film thickness effects in marine epoxy coatings, we 

included in our experimental studies the consideration of one- and two-coat systems 
at equivalent film thickness to consider the effects of multi-coat application on 
coatings properties. The data for impedance resistivity data vs. exposure time is 
given in Figure 12 for one-coat systems, and in Figure 13 for 2-coat systems. 
In both figures, we again note that there are two distinct groups of data, one from 
lower film thicknesses with a high rate of decay vs. exposure time, and a group from 
higher thicknesses with a much lower decay rate. The data of Figures 12 and 13 
presented from the point of view of 2-coat vs. 1-coat systems at equivalent film 
thicknesses is shown in Figures 14 and 15. 

As can be seen, in thin films of about 51 microns in thickness, 2-coat 
systems have significantly higher impedance resistivity values than 1-coat systems of 
the same thickness, and these decay at a much lower rate than the one coat systems. 
The ratio of the 2-coat to 1-coat system values decreases as the films get thicker so 
that at 141 microns, the 2-coat systems are only slightly higher that the 1-coat 
systems, and their decay rates are nearly equal. 
Figures 16-19 show the same presentation of the data as measured by ENM. In these 
data also, a clear distinction between thicker and thinner films, especially in the rate 
of 

1E+14 

Time (Week) 

Figure 12. Impedance Resistivity vs. Time for 1-Coat Epoxy Marine Coatings 

decay of noise resistivity vs. exposure time, as well as the higher values for 2-coat 
systems than 1-coat systems at equivalent film thicknesses. The separation between 1-
coat and 2-coat behavior also diminishes as total film thickness increases. The most 
straight forward explanation of this behavior is that multi-coat systems have few 
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Figure 13. Impedance Resistivity vs. Time for 2-Coat Epoxy Marine Coatings 

Figure 14. Impedance Resistivity vs. Time for 1&2-Coat Epoxy Marine Coatings 
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Figure 15. Impedance Resistivity vs. Time for l&2-Coat Epoxy Marine Coatings 
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Figure 16. Noise Resistivity vs. Time for 1-Coat Epoxy Marine Coatings 
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Figure 17. Noise Resistivity vs. Time for 2-Coat Epoxy Marine Coatings 
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Figure 18. Noise Resistivity vs. Time for l&2-Coat Epoxy Marine Coatings at 51 
microns 
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Figure 19. Noise Resistivity vs. Time for 1&2-Coat Epoxy Marine Coatings at 141 
microns 

through film spanning imperfections than 1-coat systems, and that as paint films 
become thicker, the probability of film spanning imperfections decreases drastically. 

In Figure 20, the decay constants for the |Z| data in terms of both film 
thickness and 1- vs. 2-coat systems are compared. A distinct break is noted in both 
curves between thinner and thicker films both for 1- and 1-coat systems. In the epoxy 
coatings, another effect can be noted not seen in the alkyd films - a constant slope 
region at higher film thicknesses. There seems to be a critical thickness above which 
decay is much slower than in thinner film. If this is true of most corrosion resistant 
coatings, it is an important design parameter of this class of coatings to characterize. 
Figure 21 shows the lifetime prediction estimates based on impedance data for the 1-
coat and 2-coat systems at four different |Z| m "failure" values. The |Z| m values we 
examined range from 104 to 107 ohms-cm2, a range which covers almost unnoticeable 
corrosion to "bare-metal" corrosion failure. The 107 ohms-cm2 value is of the range 
that might be used by a company that markets corrosion protective coating might 
wish to use for choosing a warranty time for a coating. It would be a conservative 
estimate, and one that covers a small amount of imperfections in coating application. 
The lowest |Z| m would be the lifetime to complete failure, with poor appearance and 
considerable substrate attack. 
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Figure 20. Impedance Decay Constant vs. Film Thickness for l&2-Coat Epoxy 
Marine Coatings 
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Figure 21. Lifetime -to-Failure Estimations from \Z\ Data for Marine Epoxy 
Coatings 
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Figure 22. Noise Decay Constant vs. Film Thickness for 1&2-Coat Epoxy 
MarineCoatings 

Figure 23. Lifetime -to-Failure Estimations from Rn Data for Marine Epoxy Coatings 
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Figure 22 portrays the same presentation of results for R„ data., and show the strong 
similarity in values the derived parameters such as decay constants and lifetime-to-
failure values are for EIS and ENM data. 

2. Aircraft Coatings 
Recently we analyzed some of the data we have been acquiring on aircraft 

coatings subjected to Prohesion exposure in dilute Harrison's Solution. The time 
series data is not presented here for the sake of brevity, but suffice it to say, the |Z| 
and R„ data plotted vs exposure time showed the same exponential decay in time that 
the other systems that we discussed above. We present these results in Figures 24 and 
25. 

32 η — · — Ε st im a t e d by | Z | , . „ „ , . 
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24 
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Figure 24. Estimated Time to Failure vs. Resistance at Failure for MIL-P-23377 
Aircraft Primer 
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Figure 25. Estimated Time to Failure vs. Failure Resistance for (MIL-P-23377 
+Glossy MIL-C-85285) Aircraft Coating Systems 
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V. Summary and Conclusions from Performance vs. Time and 
Film Thickness Studies 

The following summary and conclusion statements may be made about these results: 

1. The electrochemical methods, ENM and EIS, have all exhibited usefulness 
by providing numerical, objective data for corrosion resistant rating in our systematic 
film thickness studies. Although the noise data are more scattered than those from 
EIS, the results from both EIS and ENM techniques are in very good agreement. The 
resistance values of coatings over poorly prepared substrates was always lower than 
the resistance values of the same coatings over well prepared substrates at equal film 
thickness values. We cannot yet say whether the rate of film resistance decrease is 
pre-treatment dependent. 

2. Corrosion protection performance of coatings increases with film thickness 
in a nonlinear way: it changes slowly in the range of thin film thickness, then 
increases rapidly beyond a certain film thickness, and, after a critical film thickness, 
again seems to achieve an asymptotic value that is almost constant with increasing 
film thickness. 

3. The studies indicate that increasing film thickness makes little contribution 
to corrosion protection below a minimal film thickness and above a maximal limiting 
film thickness. Those two kinds of critical film thickness are of the coating 
characteristics: they are low for high quality coatings. Also, in practice, there is a film 
thickness for "adequate" corrosion protection, which is determined by the coating 
users. This film thickness is neither necessary beyond the maximal limiting film 
thickness nor necessary to be the most efficient film thickness. 

4. The methodology for predicting coating lifetimes, the use of exponential 
decay fit to time series data of resistance from EIS and ENM vs. exposure time works 
for all coatings systems tested and applied to acceleration of failure by both 
immersion and Prohesion cyclic testing exposure. 

5. At equal film thickness, films applied in two coats were always higher in 
resistance values than films applied in a single coat. At the same applied film 
thickness, 2-coat systems provide better corrosion protection than 1-coat ones. The 
relative difference between 2-coat and 1-coat films decreases with increasing total 
film thickness. 

6. Resistivity increases nonlinearly with film thickness. These results imply 
more efficiency of corrosion protection with thicker films above a critical film 
thickness than with thinner films 

7. Initial (dry) film resistance or resistivity at very short times is not very good 
predictor of coating corrosion protective performance. 
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8. The use of first order exponential decay function requires long term data: (1) 
The decay constant within a short period of time may quite different from that got 
from a long observed term; (2) If the time series data changes only very slightly in the 
time period of your immersion/exposure testing, i.e., the slope of straight line in the 
graph of logarithmic data versus testing time is close to zero, there may give a large 
error in estimating the decay constant obtained from the fitting curve. This implies 
that appropriately accelerated corrosion tests are helpful to accurate prediction of 
coating service time. These acceleration test protocols give significant changes of 
coating resistance values in a shorter time period of exposure than possible in direct 
exposure, and give large enough chances to achieve an accurate measure of the decay 
constants under the accelerated exposure conditions. One may have trouble doing 
accurate lifetime predictions u with the accelerated exposure data, but a rapid ranking 
of systems based on decay constants is possible if the accelerated exposure did not 
change the true mechanism of failure, but only "accelerated" it. 
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Chapter 17 

Modeling and Laboratory Simulation of Grain 
Cracking of Latex Paints Applied to Exterior 

Wood Substrates 
F. Louis Floyd 

PRA Laboratories, Inc., 430 West Forest Avenue, Ypsilanti, MI 48197 

Introduction and Background 

Al l architectural coatings on exterior wood substrates will eventually crack. 
If they have deficient adhesion, they will subsequently exhibit peeling and 
flaking. If adhesion is adequate, no further failures will be noticed, and cracking 
may only be noticed under close inspection. 

There are several kinds of cracking exhibited by architectural coatings 
applied to exterior wood substrates: 

Initial (seen within a day of application): 
• If paints are formulated at too high solids, they can exhibit mud

-cracking, which results from premature surface drying and splitting 
of the surface "skin." Such cracks do not usually extend through 
the thickness of the paint. 

• If a latex is too high in Tg, has a deficient coalescent level, or uses 
an inappropriate coalescent type, cracking due to deficient film
-formation can occur. These cracks do extend through the thickness 
of the film 

Long term (seen months to years after application): 
• Shrinkage cracking (also called checking, aligatoring), caused by 

residual unreacted crosslinking capability that continues to react, 
albeit slowly; characterized by cellular pattern in the cracking; 

• Grain cracking, which mimics the grain pattern of the wood 
substrate. 

Only grain cracking has an external cause. Al l other forms of cracking have 
internal (to the paint) causes. This paper focuses on grain cracking. 

Why does grain cracking occur? 

Wood is anisotropic. It expands and contracts as the environment goes 
through wet/dry, freeze/thaw, and hot/cold cycles. But unlike metals, or other 
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homogeneous materials, wood does not swell and contract uniformly in all three 
dimensions. That which we call "grain" is actually the pairing of summer and 
winter growth rings in the wood. The summer grain is typically wider, lighter in 
color, lower in density, and more porous than the winter grain. The summer 
grain also swells and contracts more than the winter grain. This sets up a 
differential dimensional change in 3 dimensions, that create cyclic stresses in 
paint films applied to the wood substrate. Grain cracking is primarily a physical 
(mechanical) property of paint films, rather than a chemical or photo-chemical 
property, and is generally believed to be related to the initial mechanical 
integrity of a paint film.1 

Early workers believed that tensile properties controlled cracking. Jaffe & 
Fickenscher2 showed data suggesting that elongation-at-break was the main 
property controlling cracking. Schurr, Hay, and van Loo3 on the other hand, 
suggested that changes in tensile strength during aging were influencing the 
process. Work-at-break (area under the stress-stain curve) was implied to be 
significant, but not explicitly claimed by either group. 

Yamasaki4 thought that permeability was an important factor, at least for 
alkyds, and conducted wet/dry cycling tests that produced results that seemed 
visually similar to cracking failures observed in the field. However, no 
mathematical correlations were attempted; no attempt was made to relate 
cracking to material properties; and the acceleration factor he obtained relative 
to a actual exterior exposure was small. 

It is commonly believed that adhesion promoters enhance the crack 
resistance of latex systems, although the author is not aware of any studies that 
have been published in support of this belief. It is possible that any perceived 
improvement may relate more to the visual impact of peeling, rather than 
enhanced cracking resistance per se. It is also possible that adhesion promoters 
promote transfer-to-polymer reactions during polymerization, which in turn 
might account for the perception that adhesion promoters enhance crack 
resistance, (see following) 

It is well-documented by latex suppliers that latex systems have substantially 
better crack resistance than alkyds, with pure acrylics being better than styrene 
acrylics and vinyl acrylics. This follows a general molecular weight order of 
acrylics » styrene acrylics ~ vinyl acrylics » alkyds. Moon and Baker5 

(among others) have shown a strong molecular weight effect on the fracture 
resistance of polymers, even well above the critical chain entanglement 
molecular weight. 

However, the reader should exercise caution with such broad conclusions, 
since individual examples of the various classes of latex can perform well 
outside the range normally assumed for its class, and can also have quite 
different molecular weight distributions than assumed for its class. For 
example, the present work does not show the presumed clear-cut advantage of 
pure acrylics over styrene/acrylic and vinyl/acrylic latexes. 

Reid6 applied fracture mechanics (see next section) to brittle furniture 
lacquers, while seeking an alternative to the Weibull distribution to describe 
observed cracking behavior. He related cold checking (hot/cold cycling) to 
fracture energy by visual inspection of data plots. He stopped short of claiming 
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a cause-effect relationship. Instead, he focused on the shortcomings of various 
laboratory temperature cycling tests. 

Fracture mechanics 

Griffith7 was the first to view cracking as a material process, although his 
work was not picked up in other technological areas for decades. His interest 
was in the several orders of magnitude discrepancy between theoretical strength 
of materials based on chemical bond energies and their measured strengths. 
Prior to Griffith, the prevailing assumption was that all bonds support an equal 
load, and that all bonds rupture simultaneously, thus requiring that the crack 
velocity be infinite. In fact, Griffith pointed out that crack velocity is finite and 
fracture is sequential through a material. 

His explanation was that an applied stress will concentrate at the random 
flaw sites that exist in all materials, where it can easily exceed bond energies, 
resulting in crack propagation. The wide data scatter normally seen in stress-
strain testing is due to the random distribution of initial flaw sizes. This random 
distribution of flaws also accounts for the inverse dependence of strength on 
sample size; i.e. the larger the sample cross-section, the more likely that it will 
contain a critical (large) flaw. 

One implication of this flaw-induced stress concentration model is that the 
largest random flaw dominates the process, by becoming the critical flaw that 
ultimately leads to fracture. Griffith showed that by intentionally introducing 
flaws into materials, he was able to control and study this process as a function 
of initial flaw size. 

Griffith determined that the force required to cause crack propagation is 
proportional to the size of the initial flaw and governed by the following 
equation: 

σ Β = [ 2 Ε γ / π Α ] , / 2 (1) 

where σ Β = tensile strength 
Ε = Young's modulus 
γ = fracture energy (FE) 
A = Vi initial flaw size (induced manually). 

To correct for edge effects of narrow samples used in tensile testing, Brown 
& Strawley8 introduced the following correction factor: 

Y = 1.99 - .41 (A/W)+18.7 (A/W)2 - 38.48 (A/W)3 + 53.85 (A/W)4 (2) 

where Y = compensation factor for edge effects 
W= specimen width. 
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This correction factor is valid over the range of 0 < (A/W) < 0.6 or for initial 
flaws that range up to 60% of the sample width. 

This resulted in the following final form of the Griffith equation which is 
used experimentally: 

σ Β = [ 2 Ε γ / Α Υ 2 ] , / 2 (3) 

For elastic materials (with negligible viscous component), 

W B = 1 / 2 G B X b (4) 

Where W B = work-at-break 
σ Β = stress-at-break (force) 
λ Β = strain-at-break (elongation) 

Rearranging and substituting into the Griffith equation (3), results in the 
following expression: 

W B = γ / A Y 2 (5) 

Thus, Griffith showed that a plot of work-at-break vs. reciprocal initial flaw 
size resulted in a straight line, the slope of which was the fracture energy. 
Fracture energy is a property of the material itself, independent of geometry, and 
has the units of energy required to generate a unit of new surface area. 

Focus of Present Work 

The goals of the present work were: (1) Develop a laboratory test that 
simulates exterior cracking with sufficient accuracy to permit its use in lieu of 
exterior exposure testing. (2) Determine whether fracture mechanics can be 
used to predict the grain-cracking behavior of latex paints, based on tensile 
testing as described by Griffith. 

Experimental 

Test panel preparation: 
• 8 in. χ 18 in. Douglas fir plywood substrate (for lab testing) 

• 2 paints per panel: 1 experimental plus control 
• 6 in. χ 36 in. Douglas fir plywood (for exterior testing) 

• 5 paints per panel: 4 experimental plus one control 
• control: 1st line exterior latex flat from major manufacturer 
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• locations on panel are randomized 
• applied by brush, 2 coats (i.e. self-primed) 
• 24 hr dry between coats 
• backs and edges sealed with an alkyd barrier primer 
• 1 week final dry before commencing testing 
• replication error is derived from control paint present on each panel 

Laboratory simulation test: 
• Soak painted panels face down in water for 1 hour 
• Remove panels from water and place in panel rack 
• Freeze (<0° F) wet panels overnight ( 16 hours) 
• Thaw and dry panels at ambient temperature (7 hours) 
• One cycle takes 24 hours; panels are left at ambient temperature over 

weekends 
• Run test for 30 cycles 
• Evaluate for cracking (ASTM D-661 -93) 
• Normalize for panel control (see following discussion) 
• Report mean and standard deviation of control paint as error of test. 

Exterior exposure 
• South 45°, northern Ohio location 
• 6 months' duration, initiated in September 
• Evaluate for cracking (ASTM D-661-93) 
• Normalize for panel control (see discussion for explanation) 
• Report mean and standard deviation of control paint as error of test 

Tensile testing 
• Cast 10 mil dry paint films on polypropylene sheet 
• Detach and cut into strips 0.75 in. wide by 2 in. long 
• Cut initial flaw into one side of specimen with scalpel, and measure 

actual flaw length under low power magnification (~20X). Actual 
initial flaws cut ranged from 0.02" to 0.30". 

• Pull to failure in Instron tensile tester (5 in./min; 1 in. initial gauge 
length) 

• Record stress and strain at break, and calculate work (area under 
stress/strain curve - a planimeter was used in this work). 

• Note that replicates per se cannot be run, since it is impossible to 
perfectly reproduce the initial flaw cut length. Instead, 6 different 
initial flaw lengths were run to produce the desired plot from which 
fracture energy is calculated (or read). 
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Permeability 
• Soak filter paper in a 3% aqueous solution of CoCl 2. Dry filter paper in 

105°C oven, till it changes from pink (wet) to blue (dry). 
• Place blue indicator paper on plate glass. Add 2 in. χ 2 in. section of 

paint film cast as for tensile testing. Add 6 in. χ 6 in. piece of 
electroplating tape into which has been cut a lA in. χ Vi in. hole. Press 
tape firmly to rest of assembly to assure complete bonding. 

• Place assembly into tray containing ambient tap water with glass side 
up. Suspend glass plate on thin shims (e.g. bottle caps) so sample 
assembly is not touching bottom of tray. 

• Measure the time (stopwatch) it takes from first immersion till the 
indicator paper changes from blue to pink. 

• Run 6 replicates, and report mean value. Note that the time-to-change 
(permeability time) is inverse to most measures of permeability: larger 
numbers represent lower permeability. 

Paint samples employed. Al l paints were prepared as PVC (pigment volume 
concentration) ladders, with a constant 20% PVC in Ti0 2 , constant 36% volume 
solids, and varying amounts of extender to achieve the indicated PVC's for each 
group. Coalescent level (Texanol ®) was adjusted to achieve a knife point 
minimum film formation temperature (MFT) of 10°C for all cases. 

• Binder variations (24, 32, 40,48, 56 PVC) 
ο BA/MMA, single mode, HEC stabilized 
ο BA/MMA, bimodal, high solids, surfactant stabilized 
ο VA/ΒΑ, broad distribution, colloid stabilized 
ο BA/S, single mode, surfactant stabilized 
ο Extender: calcined clay, silica 

• Pigment variations (40,48, 56, 64 PVC; 2 variations: 30% and 36% 
volume solids) 

ο Talc, 1-2 microns 
ο Talc, 10-30 microns 
ο Clay, 0.5 microns 
ο Mica, 40 microns 
ο Binder latex: BA/MMA, single mode, HEC stabilized 

Weather-Ometer 
• 3 in. χ 6 in. polypropylene (pp) panels 
• carbon arc with Corex D filters 
• 1000 hours, standard cycle 
• films cut to size, detached from pp substrate, and tested for fracture 

energy 
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Results and Discussion 

Lab Simulation of Exterior Cracking 

Normalization. Grain-cracking of paints applied to wood substrates is an 
inherently variable process, due to the variability in both the wood substrate and 
the painting process. As the USDA Forest Products Laboratory reminds us, 
wood itself is a highly variable material, even within the same lot of boards.9 

This variability is compounded by application techniques such as brushing, 
rolling, and spraying that generate less than uniform and perfect films. Not 
only can average film thickness vary over a panel, but there can also be 
variations on a small scale sufficient to influence cracking behavior (thinner 
sections crack more readily than thick sections). 

One solution to this variability problem is to employ the technique of 
normalization of test results, based on the presence of a control paint on each 
board being rated. Normalization is a relatively simple process, and can be 
expressed mathematically as 

individual control paint mean of normalized 
test paint rating on + all control = test (6) 
rating same panel paint ratings rating 

By subtracting the control paint rating from the test paint section, one 
obtains a relative value for cracking on that particular piece of wood. By adding 
back the mean of the control paint ratings over all panels in the study, one 
obtains a non-relative value once again, which can be used to compare to other 
test paints in the study, including those on different pieces of wood. In short, 
this filters out the effect of the variability of the wood test substrate from the 
cracking results. 

The reader should realize that implicit in this process is the assumption that 
the paint application technique is the same for each test section and for each 
control section. Given that such studies are typically conducted by skilled 
professionals, that is probably a reasonable assumption, provided that the area 
painted is large enough to be representative, as was the case in the present study. 

Validity of laboratory simulation of cracking. A comparison of the 
normalized cracking behavior obtained by the accelerated laboratory test 
(described above) and that obtained by exterior testing shows excellent 
correlation (r = .85 on average), regardless of data sets employed, [see Tables I 
and II, and figures 1 and 2] Visual inspection of the panels showed that the 
type, magnitude, and relative degree of cracking were strikingly similar for the 
two test conditions. It was therefore concluded that it would be adequate in the 
future to perform the laboratory test as an accurate prediction of actual exterior 
performance. The time required for lab testing is approximately 1/5 the time 
required for a South 45° exterior exposure test. 
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Table I. Binder Variations 
Fracture Lab test Exterior 

Binder latex PVC Energy Cracking Cracking 

acrylic 24 8.59 9 9 
32 5.07 9 9 
40 2.55 7 7 
48 1.3 4 4 
56 0.97 4 4 

high solids acrylic 24 16.06 7 8 
32 5.56 7 7 
40 3.16 3 4 
48 1.61 2 3 
56 0.95 2 2 

vinyl acrylic 24 16.38 9 9 
32 11.04 9 7 
40 6.41 5 7 
48 1.78 3 3 
56 0.51 2 2 

styrene acrylic 24 15.21 10 7 
32 5.53 9 6 
40 2.69 4 6 
48 1.28 3 4 
56 0.79 2 5 

correlations; r 
PVC vs. fracture energy (0.87) 
PVC vs. lab cracking (0.89) 
PVC vs. exterior cracking (0.89) 
Fracture energy vs. lab cracking 0.77 
Fracture energy vs. exterior cracking 0.73 
Lab cracking vs. exterior cracking 0.86 
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Table II. Pigment Variations 

% Volume Fracture Lab Test Exterior Permeability 
Pigment Solids PVC Energy Cracking Cracking Time (minutes) 

talc, 1-2 micron 30 40 31.58 7 6 14 
48 13.2 5 5 17 
56 6.3 3 4 14 
64 2.3 3 3 9 

36 40 9.96 8 9 7 
48 4.08 4 7 7 
56 3.54 2 4 4 
64 1.05 2 3 nd 

talc, 10-30 microns 30 40 14.7 5 7 12.5 
48 8.8 5 6 7.1 
56 3.6 3 2 4 
64 2.2 3 2 2 

36 40 13.7 8 9 9 
48 5.4 6 8 7.5 
56 2.2 5 4 5 
64 1.1 4 3 nd 

clay 0.5 microns 30 40 20.51 2 4 11 
48 10.03 2 3 7 
56 3 2 3 2 
64 1.25 2 2 1.3 

36 40 5.74 6 2 6 
48 3.38 2 2 9 
56 1.89 2 2 1.2 
64 1.35 2 2 nd 

mica, 40 micons 30 40 6.82 8 9 23 
48 4.59 7 9 23 
56 2.2 7 7 15 
64 1.62 4 6 4 

36 40 6.01 7 10 21 
48 2.46 7 9 22 
56 1.77 6 7 7 
64 1.02 3 5 2 

correlations: 
PVC vs. fracture energy (0.68) 
PVC vs. lab cracking (0.61 ) 
PVC vs. permeability (0.54) 
fracture energy vs. lab cracking 0.30 
fracture energy vs. permeability 0.29 
lab cracking vs. permeability 0.62 
lab cracking vs. exterior cracking 0.84 
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Figure 1 
Lab vs. Exterior Cracking 
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Figure 2 
Lab vs. Exterior Cracking 
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The error of normalized cracking results is on the order of +/-1 rating unit, 
which means that differences in test systems less than this amount are not 
statistically significant. Without normalization, the error is more on the order of 
+/- 3 units, which would nullify any attempt to relate causes and effects. 

Predicting Grain Cracking from Material Properties 

Binder variations. The first series of paints examined contained variations 
in the binder latex and pigment loading (PVC), the assumption being that 
fracture energy would be most influenced by these two variables. As one can 
see from Table I, as PVC increases, fracture energy decreases and cracking 
increases. The calculated correlations between PVC and cracking and fracture 
energy are highly negatively correlated (r = -0.87 to-0.89).10 This provides a 
useful reality check for this experiment. 

Also strongly significant is the correlation between fracture energy and 
cracking: r = 0.77 for lab cracking and 0.73 for exterior cracking [figures 3 and 
5}. Meanwhile, the correlation between lab cracking and tensile strength was 
only 0.16, and between lab cracking and elongation-at-break was only 0.12, 
neither of which is statistically significant. The author therefore concludes that 
contrary to the findings of earlier workers, tensile properties are not adequate 
predictors of cracking tendencies of latex paints, while fracture energy is (at 
least for this data set). 

Pigment variations. Table II contains the data for a study that kept binder 
constant and varied pigmentation, in an attempt to discover the effect of 
different sized and shaped extender pigments on cracking behavior. As the 
reader can see, different extenders do indeed produce quite different results, 
whereas the binder variations discussed above show a relatively smaller effect. 
Again, the PVC effect was quite noticeable, although the correlations were a bit 
lower. 

Contrary to the finding of the first series, the crack ratings were not predicted 
by fracture energy [figures 4 and 6]. The regression analysis provided very low 
correlations of 0.3 and 0.24, with non-significant Τ values on 32 data points. 

However, it was observed that exterior crack ratings were correlated to 
permeability as demonstrated in Table III and figure 7 with a correlation 
coefficient of 0.62, with a Τ value of 4.12 on 29 data points (confidence level: 
99 %). This suggested that a multiple-parameter model may well be more 
appropriate than the single-parameter model. 

Additional calculations bore out this speculation. In Table 3, it can be seen 
that the best correlation to cracking was the combination of permeability and log 
[fracture energy]. This yielded a correlation of 0.73, with a confidence level in 
excess of 99%, based on 29 data points. 
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FE vs. Lab Cracking 
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Figure 7 
Cracking vs. Permeability 

Table III. Summary of Correlations 

Data Sample Independent Dependent Correlation Significant 
Set Size Variable Variable(s) Coefficient at99%Conf ? 

Binder 17 lab cracking exterior cracking 0.86 yes 
Variations fracture energy 0.77 yes 

tensile strength 0.16 no 
elongation-at-break 0.12 no 

Pigment 32 lab cracking exterior cracking 0.84 yes 
Variations fracture energy 0.30 no 

permeability 0.62 no 
log [fracture energy], permeability 0.73 yes 

Note: confidence = 1 - significance 
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Permeability measurements were subsequently made for the first study, but 
this parameter was not significant. It therefore appears that permeability is 
largely controlled by pigment type, while fracture energy is jointly determined 
by binder type and pigment level. It is such behavior which leads to multiple 
parameter models. It also suggests why earlier workers drew different 
conclusions: their range of variables was much smaller. 

A reasonable conclusion at this point is that while the binder choice strongly 
influences the fracture energy of a paint, the choice of pigmentation type 
strongly influences the permeability of a paint. Thus, a 2-factor model 
adequately covers both issues, without needing to resort to any information 
about the actual composition of the paint. 

Effect of Artificial Weathering on Fracture Energy 

In most of this work, the free film samples evaluated for fracture energy (FE) 
were aged six days at ambient conditions and one day at 70°F and 50% RH prior 
to testing. In order to evaluate the effect of weathering on the relative values of 
fracture energy, a series of paints were tested for FE after 500 and 1000 hours of 
exposure in a carbon arc Weather-Ometer with Corex D filters. 

The paints employed were the all acrylic paints from the binder variation 
study. Figure 8 illustrates the surprisingly minimal effect that 1000 hours of 
exposure had on the intrinsic fracture energy of the samples. While there does 
appear to be some fall-off in FE after 1000 hours, the rank ordering of the 
samples was preserved. This lack of variation may well be due to the choice of 
the relatively durable acrylic binder, and may not hold true for less durable 
systems, or for systems having residual unreacted functionality, such as alkyds. 

This result may help to explain why fracture energies measured on 
unexposed samples can correlate with the cracking of samples exposed either 
artificially or naturally. It is certainly tempting to reassert once again that 
cracking is a function of the mechanical integrity of a paint film, rather than its 
resistance to UV degradation. However, it must be acknowledged that a similar 
experiment performed with less durable alkyd paints may have produced 
different results. 

Suggestions for future work 

• For anyone following on from this work, it is suggested that logical 
extensions would be to check for validity for (1) alkyd paints, (2) unsealed 
wood substrates (no edge or back sealer), and (3) primer/topcoat pairs 
including alkyd/latex. 

• Although elastic behavior was assumed in the mathematical derivations, the 
samples evaluated in this work were viscoelastic in behavior. One 
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Figure 8 
Effect of UV Exposure on FE 
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alternative approach would be to not apply the elastic behavior assumptions 
of equations 1 to 5, but instead to obtain the fracture energy directly from 
the slope of a graph of "σ 2 " vs. "2E/AY 2 " as flaw size is varied [see eqn. 1]. 
With today's equipment and computers, this is a simple matter. At the time 
this work was originally done, it was not. 

• It would be interesting to learn if cracking behavior is influenced by 
residual internal residual stress in paint films. The work of Perera11 of the 
Belgium Coatings Research Institute and Croll 1 2 of the National Research 
Council of Canada (now at North Dakota State University) is worth 
reviewing by anyone desiring to follow this line of reasoning. 

Proposed Mechanism for Grain Cracking 

As a result of the accumulated data and observations, the following view of 
the grain cracking process is offered: 

• Differences in coefficients of expansion along grains of the wood 
substrate generate cracks in the wood itself, during exposure to weather 
cycles. 

• As cracks in the wood propagate or widen, paint films bridging the 
cracks become highly stressed. 

• Inclusions in the paint film generate different stress distributions in 
different parts of the film. These inclusions may consist of voids, 
pigments, microcracks, etc. They become stress-concentrators when 
the film is stretched across the wood crack. Cracks are initiated at 
these sites of stress-concentration. 

• As further stress is applied to the film, these cracks will propagate until 
the strain energy is consumed in the generation of new surface area. 

• The rate of initiation of cracks is related to the permeability of the paint 
film to water. A film with low permeability to water will protect the 
wood substrate from swelling, hence minimizing the initiation step in 
cracking. 

• The rate of crack propagation (generation of new surfaces) is related to 
the surface energy of the composite; i.e. the fracture energy. A 
composite with low fracture energy propagates cracks more easily. 

• Overall cracking behavior of a given paint film will depend on its 
intrinsic permeability and fracture energy. 

Summary 

• An accelerated laboratory test has been designed that reasonably predicts 
the cracking behavior of latex paints applied to exterior wood surfaces. 
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• Statistical analysis is required of such data since experimental error tends to 
be large, and correlations of multiple parameter models are not obvious by 
inspection. Normalization procedures were introduced to minimize the 
impact of substrate variation in cracking tests. 

• Single parameter models are inadequate for describing cracking behavior. 
In the present case a 2-parameter model involving fracture energy and 
permeability was required to account for cracking behavior. 

This work is adapted from an earlier publication by the same author in the 
Journal of Coatings Technology}3 The author thanks the Federation of 
Societies for Coatings Technology, publishers of the JCT, for their kind 
permission to publish this adaptation of that earlier work. 
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The author also thanks the former Glidden Division of SCM Corp. (now 
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to publish these results. 

Acknowledgments 

Abbreviations Used 

Aka 
BA 

also known as 
butyl acrylate 
methyl methacrylate 
styrene 
vinyl acetate 
minimum film formation test 
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Chapter 18 

The Effect of Weathering on the Fracture Resistance 
of Clearcoats 

M . E . Nichols and J. L . Tardiff 

Materials Science Department, Ford Research Laboratory, 2101 Village Road, 
Dearborn, MI 48121 

The effect of weathering on the fracture energy of eight automotive 
clearcoats, both isolated clearcoat and as clearcoats in complete paint 
systems, was studied. Al l the clearcoats underwent photooxidation, 
as measured by infrared spectroscopy, as weathering progressed. In 
addition, all of the clearcoats embrittled, as measured by changes in 
their fracture energy. For many of the coatings, the changes in the 
fracture energy mirrored the chemical composition changes brought 
on by weathering. However, some clearcoats embrittled at rates that 
were independent of the rate of photooxidation. The presence of 
stabilizers, ultraviolet light absorbers and hindered amine light 
stabilzers, also effected the fracture energy of the clearcoats, both 
initially and as weathering progressed. Weathering-induced changes 
in the fracture energy of the clearcoats were related to weathering
-induced changes in the chemical composition. 

The long-term weathering behavior of automotive topcoats is of prime concern to both 
automotive manufacturers and consumers. Consumers appreciate coatings with better 
long-term appearance retention, while automotive manufacturers demand equal or 
superior weathering performance in addition to better processability, initial 
appearance, and economic value. These often conflicting requirements must be 
balanced against the paramount concern of increasingly stringent environmental 
emissions regulations, which may force dramatic changes in future topcoat systems 
technology. Reliable, rapid weatherability testing will be crucial to the timely adoption 
of new technologies, as long-term weathering testing is by definition a time consuming 
process. Traditional weatherability testing protocols are well suited to monitor the 
gradual changes in appearance that were the hallmark of monocoat paint systems. 
Monocoats tended to lose gloss and distinctness of image (DOI) gradually. Superior 

© 2002 American Chemical Society 373 

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

01
8

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



374 

coatings were those that lost gloss and DOI most slowly. Thus, monitoring gloss and 
DOI were simple and useful means for assessing the weatherability of monocoat paint 
systems. The transition to basecoat/clearcoat systems fundamentally changed the 
manner in which weathering was manifested in automotive coatings and subsequently 
the tests needed to differentiate superior from inferior coating systems. In 
basecoat/clearcoat systems, gloss and DOI can remain high for long periods of time, 
after which failure can occur quickly and with little warning by either cracking, 
delamination, or a combination of the two. Thus, using gloss and DOI measurements 
alone to assess the long-term weathering behavior of basecoat/clearcoat systems is 
insufficient. 

Much of the recent innovation in paint weathering research has focused on 
detecting small changes in the chemical composition of clearcoats in the early stages of 
weathering, either natural or accelerated exposure. These chemical changes are mainly 
due to photooxidation and to a lesser extent hydrolysis. The ability to measure these 
small changes allows a degree of anticipation: those clearcoats undergoing a higher 
rate of chemical composition change early in the weathering process are likely to have 
the shortest useful life. The methods by which these small chemical changes have been 
measured are quite varied, and have recently been reviewed by Gerlock et. al.1 For 
example, infrared spectroscopy can be used to monitor both the accumulation of 
photooxidation products and the rate of film erosion.2,3 In addition, microscopic 
infrared spectroscopy can be used to measure the spatial distribution of degradation 
through the thickness of the paint system.4 Time-of-flight secondary ion mass 
spectrometry (TOF-SIMS) can also be used to map the locus of photooxidation in 
automotive paint systems. The TOF-SIMS technique relies on weathering the paint 
system in the presence of 1 8 0 2 to label the photooxidation products and make them 
detectable in the TOF-SIMS.5"7 

Because the effects of additives , ultraviolet light absorbers (UVAs) and hindered 
amine light stabilizers (HALS), can be important to the long-term weathering 
performance of paint systems, much work has been directed at measuring their 
longevity and effectiveness. UV spectroscopy has proved useful in measuring UVA 
loss rates.8 Recently, the distribution of UVAs in weathered clearcoats has been 
measured by UV micro-spectroscopy, thus showing that UVAs are not depleted 
uniformly in clearcoats and both posing and answering new questions about additive 
migration in paint systems.9 HALS longevity has also been recently assessed by 
peracid oxidation using electron spin resonance (ESR) to quantify nitroxyl radical 
concentration.10"11 While powerful, the underlying assumption that is made when using 
any of these techniques to anticipate the weathering performance of coatings is that the 
amount of chemical change that occurs during weathering is directly proportional to 
the changes in the governing mechanical properties of the clearcoat. 

While the chemical composition changes that occur during weathering are the 
most fundamental manifestation of weathering, most of the potential catastrophic 
failure mechanisms are mechanical in nature: cracking, peeling, and microchecking. 
These failures are due to the changing mechanical behavior of the coating system and 
the stresses to which it is exposed. The size and spatial distribution of these stresses 
have recently been investigated and shown to be on the order of 15-25 MPa for a 
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weathered clearcoat.12 The stresses arise from a number of sources including: thermal 
expansion coefficient mismatch, humidity expansion coefficient mismatch, 
densification, and solvent loss. Perera and coworkers have studied these stresses 
extensively.13'15 The stresses due to environmental changes are, of course, cyclic in 
nature. Some finite mean stress is maintained upon which a cyclic stress is 
superimposed. Thus, the paint system undergoes fatigue loading. 

In addition to the changing stress state, the fundamental mechanical properties of 
coatings can change as weathering progresses. These changing mechanical properties 
are largely a result of the chemical composition changes - no chemical composition 
changes translate into no (or very little) mechanical property changes. There has been 
little previous research on the weathering-induced changes in the mechanical 
properties of high solids coatings. Hill and coworkers have reported on the changing 
dynamic mechanical behavior of coatings as the coatings weathered, with their 
attention focused on the changes in the plateau region of the modulus curve.1 6 1 7 

Depending on the details of the degradation, the rubbery modulus, and therefore the 
crosslink density, can either increase or decrease on exposure. Detailed studied of 
other weathering-induced changes in the mechanical properties of automotive 
clearcoats are non-existent. 

For any mechanical failure, a priori identification of the failure modes and critical 
mechanical properties is crucial in designing a robust testing program. We have 
proposed that for one of the most likely possible catastrophic basecoat/clearcoat failure 
modes, clearcoat cracking, the fracture energy (Gc) is the most relevant mechanical 
property.18,19 The fracture energy is the amount of mechanical energy required to 
unstably propagate an already existing crack in a material or at an interface. Thus, for 
clearcoat cracking the germane fracture energy would be that of the clearcoat, while 
for delamination of the clearcoat from the basecoat the fracture energy of that interface 
would be most important. Meth and coworkers have reported on a method for 
measuring the fracture energy of the basecoat/clearcoat interface using Laser Induced 
Decohesion Spectroscopy (LIDS). This method appears to be the most quantitative for 
measuring the fracture energy of the basecoat/clearcoat interface.20 

We have previously measured the fracture energy of a number of isolated 
automotive clearcoats using techniques previously developed for measuring the 
fracture energy of thin films of interest in microelectronic devices.18'19 These 
measurements should have a direct bearing on the ability of these clearcoats to resist 
cracking. Our previous measurements were made on isolated clearcoats, not clearcoat 
in a complete paint system. However, this was the first step in quantifying the 
brittleness of these materials. In this report we have continued our work and report on 
the fracture energy of both isolated clearcoats and clearcoats in complete paint 
systems. In addition, the fracture energy of these clearcoats has been measured as a 
function of weathering time, both accelerated and outdoor Florida exposure. Finally, 
these results are compared to chemical composition change measurements in the same 
clearcoats to clarify the mechanical tolerance of the clearcoats to chemical composition 
changes. 
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Experimental 

Materials 

Both isolated clearcoats (clearcoats adhering directly to metal substrates) and 
clearcoats in complete paint systems were studied. The commercial clearcoats 
represented a wide variety of chemistries including: acrylic/melamine, epoxy-acid, 
polyurethane-polyoVmelamine, acrylic-silane/melamine, and 2K polyurethane. Al l of 
the isolated clearcoats were tested in two forms: the commercial formulation 
containing all the stabilizers (both UVA and HALS) and an additive-free formulation 
containing neither UVA or HALS. Clearcoats on a variety of metallic substrates were 
prepared using Bird applicators and were cured for the recommended times at 
recommended temperatures. The thickness of all the cured films was measured with a 
micrometer. Typical films were 50 μιη thick. Details of these sample preparation 
techniques have been described elsewhere.18 

Full paint systems were obtained from paint suppliers in the form of standard 4" χ 
12" paint panels. Al l panels for accelerated weathering testing were dark metallic red 
basecoat/clearcoat systems. They were obtained as either the commercial paint system 
containing all the stabilizers or as a system with no UVA in any of the layers. 
Additional panels of the same formulations that had already been exposed in Florida 
were also obtained, but were typically of different basecoat colors. 

Exposure 

Isolated clearcoats were exposed to accelerated "light only" weathering in a xenon arc 
weatherometer.21 The weatherometer provided borosilicate S/borosilicate S filtered 
xenon arc light at 0.45 W/m2 irradiance with no water spray or dark cycle included. 
Black panel temperature was 60°C and the dew point was 25°C. Samples were 
exposed for up to 4000 hours. Full paint systems were exposed to the standard SAE 
J1960 June '89 weathering protocol (70°C black panel during irradiance) modified 
with borosilicate S inner and outer filters. Samples were exposed for up to 3000 hours. 
Additionally, some panels (see above) were exposed in south Florida for outdoor 
natural weathering at 5° south. These panels were exposed for up to 5 years. 

Infrared Spectroscopy 

Fourier transform infrared (FTIR) spectra were obtained using a Mattson FTIR 5000 at 
4 cm'1 resolution. Isolated clearcoats -8 μπι thick were coated and cured on 1cm 
silicon discs and placed in the same weatherometer as the clearcoats on metal 
substrates. The discs were periodically removed and the spectra of the clearcoat 
recorded. The amount of photooxidation was generically quantified using the Δ(-ΟΗ,-
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NH)/-CH] method, which ratios the absorbance in the 3800-2000 cm*1 region to that in 
the 3100-2800 cm*1 region.2'3 For the complete paint systems photoacoustic (PAS) 
infrared spectroscopy was used to quantify the chemical changes taking place during 
weathering. Al l PAS data was obtained on a Mattson Cygnus 100 rapid scan FTIR 
system equipped with a water cooled source, a variable source aperture at 50% and a 
MTEC 2000 cell. Al l spectra were transformed using 4000 data points and one order 
of zero filling to give spectral resolution of 8 cm"1 and a digital resolution of 4 cm'1. A 
scan velocity of 3.6 kHz and an assumed coating thermal diffusivity of 1x10-3 cm2/sec 
yielded a thermal diffusion length at 4000 cm"1 of 6 μπι and at 2000 cm'1 of 8 μπι. 
This procedure led to a sampling depth of between 12 and 16 μπι into the coating.22 

Samples for PAS experiments were taken from paint panels that had been exposed to 
the same accelerated weathering conditions as those for fracture energy measurements. 
The amount of photooxidation was again quantified using the A[(-OH,-NH)/-CH] 
method. 

Fracture Energy 

Details of the fracture energy measurements have been reported previously along with 
a complete summary of the theoretical background.18'19 In brief, the fracture energy 
(Gc) is the amount of mechanical energy necessary to propagate a crack in a material. 
For coatings on substrates this quantity can be measured in a straightforward manner. 
Thin strips of the coating/metal composite were cut using a hand shear. The cutting 
process introduced a multitude of sharp edge cracks in the specimens, which is a 
necessary condition for the fracture energy testing. Typical strips are 10 cm χ 1 cm. 
The strips were then pulled in tension in a mechanical testing machine at 20 mm/min. 
The strain at which cracks propagated across the clearcoat was recorded. Typically 8-
10 samples were tested for each material at a given amount of weathering time. This 
reduced the uncertainty on any fracture energy value to ± 25%. The fracture energy 
was then calculated as 

Gc = to2*(«-l> (1) 
IE 

where h was the film thickness, σ was the stress, Ebar=E/(l-v2) (E is the modulus of 
the clearcoat, ν is Poisson's ratio taken to be 0.35), and g(a,P) was a constant relating 
to the modulus mismatch between the coating and the underlying layer. For a clearcoat 
on steel or aluminum g(a,p) = 0.78 while for a clearcoat on top of a basecoat in a full 
paint system g(a,p) = 1.26. The stress, σ, is calculated assuming linear elasticity, that 
is σ = Εε, where ε is the strain at cracking. To be rigorously correct the stress would 
be determined from the actual stress strain curve of the material, and we have 
previously termed this the true or actual fracture energy, while that calculated 
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assuming linear elasticity we have termed the apparent fracture energy. We have 
choosen to concentrate on the apparent fracture energy for two reasons. First, it is 
simpler to calculate requiring only a knowledge of the modulus of the coating, which 
can be measured using dynamic mechanical testing or can be estimated. Second, the 
true fracture energy discriminates against coatings with low yield stresses as the stress 
during cracking is quite low, while the strain can be quite high. These low yield stress 
coatings perform well in the field, with regards to cracking, but would posses low true 
fracture energies. Additionally, as weathering progresses the amount of anelastic 
deformation a coating undergoes before fracture decreases. Thus, the difference 
between the true and apparent fracture energy becomes negligible at long weathering 
times. For the remainder of this paper the fracture energy will refer to the apparent 
fracture energy. 

Results 

The fracture energy of eight unweathered isolated commercial clearcoats is shown in 
Figure 1. The fracture energies ranged from 230 J/m2 to 14 J/m2, similar to what has 
previously been reported.19 For reference, the fracture energy of window glass is 
approximately 6 J/m2, while polymers can range from a less than 100 J/m2 to well over 
1000 J/m2. On weathering, all of the coatings underwent photooxidation. The extent 
of photooxidation was measured from the FTIR spectra of the clearcoats that had been 
deposited on silicon discs. The A(-OH,-NH)/-CH] ratio at 4000 hours of accelerated 
weathering exposure is shown in Figure 2 for the fully formulated and additive-free 
formulation of each clearcoat. The larger the A(-OH,-NH)/-CH] ratio the greater the 
extent of photooxidation in that clearcoat. For most coatings the additive-free 
formulation photooxidized more quickly, as expected. Clearcoat F was a notable 
exception as its rate of chemical composition change was low and appeared to be 
unrelated to the presence of additives. 

For most of the clearcoats, the change in the fracture energy mirrored the chemical 
composition change. Clearcoat Β in Figure 3 exemplifies this behavior, where the 
fracture energy is shown as a function of weathering. Clearcoat Β photooxidized 
quickly when formulated without stabilizers, but can be stabilized nicely by the 
addition of HALS and UVA (Figure 2). It's fracture energy decreased slowly when 
fully stabilized, leveling off at approximately 70 J/m2, but the fracture energy of the 
additive-free formulation decreased rapidly with weathering and was near zero after 
3000 hours of exposure. Also of note is the difference in the initial fracture energy of 
the two formulation of clearcoat B. The presence of the additives alone increased the 
fracture energy by a factor of two. Clearcoat Fs fracture energy behavior also 
mirrored it's photooxidation behavior (Figure 4). Clearcoat F is the one clearcoat 
studied whose photooxidation rate was nearly uneffected by the presence of HALS and 
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250 

A B C D E F G J 

Clearcoat 

Figure I. Fracture energy of isolated automotive clearcoats without weathering. 
Smaller values of fracture energy indicate more brittle coatings. 

8 τ • 1 

7 + 

A B C D E F G J 

Clearcoat 

Figure 2. Change in the [(-OHrNH)/-CH] ratio of clearcoats after 4000 hours of 
accelerated weathering. Filled bars are additive-free formulations. Unfilled bars are 
the clearcoats containing HALS and UVA. FTIR measurements made in transmissions 
on coated Si discs. 
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£150 + 

• Additive Containing 
• Additive-Free 
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Exposure Time (Hours) 

3000 3500 

Figure 3. Fracture energy of isolated clearcoat Β as a function of accelerated 
weathering exposure. Filled circles are the formulation containing additives, open 
squares are the additive-free formulation. 

150 + 

0 

• Additive Containing 
• Additive-Free 

• • 
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500 1000 1500 2000 

Exposure Time (Hrs.) 
2500 3000 3500 

Figure 4. Fracture energy of isolated clearcoat F as a function of accelerated 
weathering exposure. Filled circles are the formulation containing additives, open 
squares are the additive-free formulation. 
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• Additive Containing 
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2500 3000 3500 

Figure 5. Fracture energy of isolated clearcoat Ε as a function of accelerated 
weathering exposure. Filled circles are the formulation containing additives, open 
squares are the additive-free formulation. D
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UVA. While the coating started out with a relatively low fracture energy, it decreased 
only slowly with weathering. Both the fully formulated and additive-free formulations 
changed at the same rate. Clearcoats Ε behaves fundamentally differently (Figure 5). 
Its fracture energy decreased rapidly with weathering in either the fully stabilized or 
additive-free formulations. However, the additive-free formulation photooxidized 
much more rapidly than the formulation containing the additives.(Figure 2). 

When testing the fracture energy of the clearcoat in the full paint system, one 
significant complication arises. While most coating systems fail during testing by 
brittle crack growth in the clearcoat, some coating systems do not. Two other failure 
modes were observed: slow tearing of the paint system from the edges, and brittle 
crack propagation through the complete paint system followed by some delamination 
at the e-coat/phosphate interface. While values of the fracture energy for the 
clearcoats in these systems were calculated they are not rigorously correct. Typically, 
those systems that start out with one of these failure modes will progress to the more 
brittle failure as weathering progresses. Those coating systems that fail during fracture 
testing in a manner other than clearcoat cracking are noted in the data. For these 
clearcoats the fracture energy values are only qualitatively correct and serve only to 
gauge trends in the early portion of exposures. 

Regardless of the type of fracture that occurs during testing, the values of the 
fracture energy of the clearcoat in the full paint system were generally quite different 
than that of the isolated clearcoat. In all the cases the fracture energy is higher in the 
full system. Figure 6 shows the fracture energy of the nonweathered fully formulated 
clearcoats in a variety of frill paint systems. Figure 7 shows the fracture energy of 
three fully formulated clearcoats in full paint systems as a function of accelerated 
weathering time. Al l of the clearcoats become more brittle as weathering progresses, 
with some clearcoats embrittling quickly and others changing only slowly. 

Clearcoats also embrittled due to outdoor exposure in Florida. Figure 8 shows the 
fracture energy of three clearcoats in full paint systems exposed in Florida for one, 
two, and three years. Again natural weathering decreased the fracture energy of the 
clearcoat. For most of the clearcoats in Fig. 6 the fracture energy of the Florida 
weathered panels similarly decreased to the same level as the 3000 hour accelerated 
weathered panels after approximately 2-3 years. 

The sensitivity of the clearcoat's fracture energy to the extension rate was also 
examined. Figure 9 shows the fracture energy of the clearcoats Β, E, and G in 
complete paint systems as a function of testing rate, at both 2 mm/min and 20 mm/min. 
Al l of the panels had been exposed for 1000 of accelerated weathering before testing. 
Clearcoat E's fracture energy was quite dependent on rate, clearcoat B's was somewhat 
dependent, and clearcoat G's was independent of rate over the range tested. 
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700 

600 ψ. 
CH 

I 500 - \ 

0 500 1000 1500 2000 2500 3000 3500 
Accelerated Weathering Time (Hrs) 

Figure 7. Fracture energy as a function of accelerated weathering exposure for three 
clearcoats in complete paint systems. Clearcoats Β and G failed by brittle clearcoat 
cracking, clearcoat D failed by slow crack tearing initially, but after 500 hours of 
weathering failed by brittle clearcoat cracking. 

400 Ί , 

0 -I , 1 1 1 
0 1 2 3 4 

Florida Exposure (Years) 

Figure 8. Fracture energy of clearcoats in complete paint systems as a function of 
Florida exposure time 
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Discussion 

Isolated Clearcoats vs. Clearcoats in Full Paint Systems 

As weathering progresses, all of the clearcoats, whether isolated or as part of a full 
paint system, became more brittle, meaning their fracture energy decreased. However, 
not all of the clearcoats embrittled at equal rates. The embrittlement was, of course, 
intimately tied to the chemical composition changes taking place in the clearcoat. 
Embrittlement can result from at least two different mechanisms: chain/crosslink 
scission and additional crosslinking. New crosslinks can form due to additional 
thermal cure taking place and also due to the free radical driven photooxidation 
chemistry that occurs during exposure.23 Often the new crosslinks will be more rigid 
than the original crosslinks, such as the melamine-melamine crosslinks that can form 
during the weathering of acrylic/melamine clearcoats. Decreasing the crosslink density 
through chain or crosslink scission can also lead to embrittlement. These scission 
events introduce defects into the polymer network, which can ease crack propagation. 
Carried too a much greater extent, however, a loss of crosslink density will sufficiently 
lower the T g of the coating as to make it unusably soft and even tacky. The exact 
details of the chemical changes that occurred during photooxidation are unknown for 
each of the clearcoats studied. Most of the clearcoats likely underwent both 
crosslink/chain scission and additional crosslink formation, with the ratio between the 
two being different for each coating and coating formulation. We have broadly 
measured their rates of photooxidation using the A(-OH,-NH)/-CH] technique, either 
by transmission FTIR for isolated clearcoats, or by PAS-IR for the clearcoat in full 
paint systems. However, like the fracture energy, regardless of whether the clearcoat 
was an isolated film or part of a complete paint system, the A(-OH,-NH)/-CH] ratio 
grew as weathering progressed. 

There were, however, important differences between the behavior of the isolated 
clearcoats and the clearcoats in complete paint systems. For example, the fracture 
energy of the clearcoats in complete paint systems was significantly higher than the 
fracture energy of the same clearcoat as an isolated film. This can be explained by two 
factors. First, all of these clearcoats have been formulated to perform as part of a full 
paint system. Thus, their chemical composition and mechanical performance have 
been selected to perform best when they are cured on top of basecoat, not bare metal. 
Because all the basecoat/clearcoat system are processed wet-on-wet, that is the 
basecoat and clearcoat are cured together, some degree of mixing is expected between 
the basecoat and clearcoat. Hakke has shown that UVAs can migrate between the 
basecoat and clearcoat during curing, and it is likely that other species of similar 
molecular weights, such as crosslinkers and HALS, can also migrate.24 Thus, it would 
be unexpected if the initial fracture energy of each clearcoat was the same when 
measured as an isolated clearcoat or as a clearcoat in a full paint system. The 
difference in composition between the isolated clearcoats and the clearcoats in 
complete paint systems has the potential to effect the fracture energy in another 
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manner. To calculate the fracture energy, the modulus of the clearcoat must be known. 
This is typically measured using DMA on isolated clearcoat films. However, due to 
mixing during cure, the clearcoat in complete paint systems will not have the same 
composition as the isolated clearcoat. This is unlikely to have introduced large errors, 
though, as the modulus of most crosslinked glassy polymers does not vary by more 
than 10-20%. These results, showing a difference in the behavior between isolated 
clearcoats and clearcoats in complete paint systems, are in contrast to previous results 
that showed little difference.19 This is likely due to the highly weathered and very 
brittle nature of the clearcoats previously studied. 

The second reason that the fracture energy of the clearcoat in the complete paint 
system should not match that of the isolated clearcoat is the that the mechanics of the 
fracture process are somewhat different when the clearcoat is on top of metal or on top 
of a ductile substrate like a basecoat. While differences in the modulus between 
basecoat and metal were accounted for by adjusting the value of g(ct,P), this does not 
account for plasticity of the underlying layer.25 When a clearcoat is on top of a 
basecoat, some of the strain energy in the clearcoat can be relieved by the low yield 
stress basecoat underneath. This may in turn induce some plasticity in the clearcoat 
and allow the clearcoats to tolerate higher strains before cracking. 

The change in the fracture energy of a clearcoat as it weathers appears to be a 
sensitive measure of the clearcoat's long-term weathering resistance that provides 
additional information not provided by chemical composition change or appearance 
measurements. For the isolated clearcoats in Figures 3 and 4, the change in the 
fracture energy closely mirrored the rate and amount of chemical composition change. 
Clearcoat Β in Figure 3 photooxidized quickly in the absence of UVA and HALS, but 
when fortified with these stabilizers its photooxidation rate was much slower. Its 
fracture energy behavior was similar. Clearcoat Β embrittled quickly in the 
unstabilized form, but retained a higher fracture energy for a longer time when fully 
stabilized. Clearcoat F's fracture energy behavior was also similar to its chemical 
composition change behavior. Whether fortified or not, clearcoat F photooxidized at a 
very slow rate and its fracture energy also decreased at a very slow rate. The clearcoat 
is inherently photooxidation stable. 

Clearcoat E, however, shows a marked difference between the photooxidation 
behavior and the fracture energy behavior and points to the importance of measuring 
both chemical and physical property changes. When unfortified, Clearcoat Ε 
photooxidized quickly, but when fully stabilized it photooxidized slowly. The fracture 
energy, however, decreased at the same rapid rate regardless of whether the clearcoat 
was stabilized or not. The fracture energy of clearcoat Ε in the full paint system also 
changed rapidly even though PAS-IR results show that its A(-OH,-NH)/-CH] change 
was low when fully stabilized. Thus, for this clearcoat there does not appear to be a 
direct link between the weathering-induced chemical composition changes and the 
changes in the mechanical behavior. However, more likely is that the chemical 
composition changes that drive the changing mechanical behavior of clearcoat Ε were 
not captured by the A(-OH,-NH)/-CH] method and indeed may not be directly related 
to photooxidation but rather hydrolysis or secondary curing reactions. Further 
experiments were not attempted to clarify this result. The fact remains, however, that 
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photooxidation rates need not be directly proportional to mechanical property change 
rates. 

Like the isolated clearcoats, the clearcoats in full paint systems can be either quite 
tough or quite brittle. Clearcoat Ε stood out as being extraordinarily tough (much 
tougher than as an isolated clearcoat), but quickly embrittled on weathering. The rates 
of embrittlement were different for each clearcoat. As shown in Figure 7, Clearcoat Β 
started out the toughest but embrittled quickly. Clearcoat G started out brittle and 
became more brittle, while clearcoat D started out intermediate and lost fracture energy 
gradually. Clearcoat D, therefore, has the best chance of resisting cracking during 
long-term exposure. 

The accelerated weathering results were confirmed by fracture energy testing of 
panels returned from Florida exposure. Three systems, which are quite similar to 
systems B, D, and J, are shown in Figure 9. These paint systems were nominally the 
same as in Figure 6, but the basecoats were different colors and the panels were 
produced and cured at a different time than those panels used to produce the data in 
Figure 6. Again all embrittled as weathering progressed, but system D again 
maintained the highest level of fracture energy after two years of Florida exposure. 
Based on the rate of change of the fracture energy, one year of Florida exposure 
induced the same change in the fracture energy as between 1000 and 1500 hours of 
accelerated weathering. While the rate of embrittlement between Florida and 
accelerated exposure may be similar based on the energy dose, the actual times to 
failure could be quite different due to the different stresses a coating system 
experiences outdoors versus in the weatherometer. 

Non-ideal cracking 

The cracks that occurred during fracture testing of the clearcoat in the complete paint 
systems can be classified into three distinct types. The first type was by far the most 
common type and is classified as "ideal", that is, during testing the cracks propagate 
unstably across the clearcoat and down to the basecoat. The cracks typically arrest at 
the basecoat/clearcoat interface due to the higher toughness of the basecoat and then 
spread some of the energy out over that interface. Determining the fracture energy of 
these coatings is straightforward and analogous to the calculation for the isolated 
clearcoats, requiring only a change in the value of g(a,P) in eq. 1 from 0.78 to 1.26 to 
account for the modulus of the basecoat under the clearcoat. Eq. 1 is only strictly 
applicable to this mode of cracking, as it has been specifically derived for the case of 
channeling of cracks through the full thickness of the coating, in this case the clearcoat 
over the basecoat. 

The second and third types of cracking occured only at high strains and allow for 
only a qualitative determination of the fracture energy. The second type of cracking 
was unstable (high speed) crack propagation across the specimen and down to the e-
coat/phosphate interface, and the third type was slow, stable crack growth in the 
clearcoat alone. These two modes of cracking are observed in only in a few 
nonweathered systems. Weathering typically embrittled these systems such that after 
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limited exposure they displayed brittle crack growth in the clearcoat alone. For both 
the second and third types of cracking behavior, eq. 1 cannot be rigorously applied. 
Because the cracks propagate all the way to the e-coat/phosphate interface in the 
second type of cracking, they move through a non-uniform medium (clearcoat, 
basecoat, primer, and e-coat), the constitutive properties of which are also non
uniform. The fracture mechanics from which eq. 1 is derived are strictly assume 
homogeneous isotropic materials.26 One could assume some average constitutive 
behavior for the entire paint system. However, this does not describe the brittleness of 
the clearcoat alone, which is the goal of this work. An alternative method of looking at 
these fractures is to proceed with the calculation on the basis of the clearcoat thickness 
and constitutive properties alone, implicitly assuming that the cracks begin in the 
clearcoat and then propagate down through the other layers. This is the likely 
scenario, as we have typically observed the cracks to start at the edge and surface of 
the paint system and then propagate across and then down through the system at high 
rates. Because these types of failures were typically seen only at high strains it was 
assumed that the high driving force for cracking that was required to propagate cracks, 
also kept the cracks from arresting at the basecoat. In a practical sense, the fracture 
energy of clearcoats that failed during testing in this manner are inherently tough 
enough to belay any worries about mechanical weakness. When the materials embrittle 
enough due to weathering, they typically fail by clearcoat cracking and their fracture 
energy numbers can be calculated with confidence. 

When the clearcoat undergoes stable crack propagation (cracking type number 3), 
that is the slow growth of cracks in the clearcoat which grow in length as the strain 
increases, the calculation of the fracture energy is also not truly appropriate. Eq.l has 
been developed for the unstable cracking of brittle films, where plasticity is a minor 
component. Clearcoats that exhibit slow crack growth do not meet this criterion and 
therefore are not amenable to this type of analysis and would be better analyzed using 
J-integral techniques or the method of essential work. Methods for calculating J-
integral toughness and the essential work of fracture for thin films on substrates have 
not yet been developed. However, again, these tearing-type of cracks were only seen 
at high strains and would not present any potential cracking problems until the 
clearcoats have weathered and embrittled. For consistency the few materials that failed 
during testing in this manner are noted and their fracture energy values were calculated 
based on the strain at which cracks appeared regardless of the type of crack and using 
the thickness of the clearcoat alone. While these numbers are quantitatively incorrect, 
they give a feeling for the high toughness of these clearcoats, and provide an initial 
point at which to evaluate their weathering performance. 

Tolerance of Clearcoats to Chemical Change 

The central question that can be answered by combining fracture energy measurements 
with chemical composition change measurements is: how much weathering-induced 
chemical composition change can a clearcoat tolerate without cracking? The simpler 
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question is, of course, how much weathering can a clearcoat tolerate without cracking? 
This second question assumes that the chemical change data (photooxidation rate, 
UVA effectiveness and loss rate, HALS longevity and effectiveness) is not necessary 
for anticipating the long-term cracking behavior of clearcoats. While this may be true, 
we believe that chemical composition change data is at least as valuable as the fracture 
energy results for at least three reasons. First, chemical composition change data can 
be obtained quickly from clearcoats applied on silicon discs or using PAS-IR on 
clearcoats in full paint systems. Changes can be observed in as little as 250 hours of 
accelerated weathering with small samples. 1000 hours of accelerated weathering can 
provide solid direction as to the rate of photooxidation. These experimental conditions 
enable these techniques to be used for both forumlation screening and comparatively 
fast trouble shooting. Second, not all potential clearcoat failures are due to cracking. 
For every mechanical or non-mechanical failure a new phenomenological test would 
have to be developed. Chemical change measurements are generic. In the absence of 
a mechanical test that is predictive for every failure, chemical change data can be the 
first indication that weathering performance is suspect. Third, from the coatings 
producer vantage, if the exact chemical composition of the coating is known, the 
details of the chemical changes that occur during weathering can be monitored and 
deciphered, not just the generic amount of photooxidation. Thus, while fracture energy 
measurements directly probe one of the most relevant potential failure mechanisms, 
chemical composition change measurements provide additional information on other 
potential failures in a rapid and inexpensive manner. Thus, the two types of 
measurements are complimentary and synergistic in nature. 

One way of determining the tolerance of coatings to chemical change is shown in 
Figure 10 where the change in the fracture energy is plotted against the change in the 
A[(-OH,-NH)/-CH] value for paint systems Β and D. Clearcoat D underwent roughly 
50% more photooxidation than clearcoat B, but its fracture energy change was only 1/3 
that of clearcoat B. Thus, clearcoat D is very tolerant to chemical change and 
clearcoat Β is intolerant. Chemical composition changes alone would lead to the 
selection of clearcoat Β over clearcoat D as a superior clearcoat for weathering 
resistance, an erroneous conclusion with regards to cracking resistance. Measuring 
fracture energy along, however, could lead to the selection of a coating that is 
unsatisfactory in other aspects, such as gloss loss or long-term adhesion. 

Application to other Failure Modes 

The highly crosslinked nature of the clearcoats typically minimizes the viscoelastic 
effects during crack propagation unless the polymer is near T g or contains secondary 
phases. However, some clearcoats do show substantial rate effects. These rate effects 
can have a direct impact on field performance as crack growth during exposure is 
likely to be slow and driven by fatigue loading. The effects of varying the rate of 
extension during fracture testing are shown in Figure 9. Clearcoat E, which was very 
tough initially and then embrittled rapidly on weathering, was almost three times as 
tough when tested at a slower rate. Clearcoat G, which was inherently brittle showed 
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no rate effects, while clearcoat Β was intermediate. Thus, building in mechanisms for 
viscoelastic processes to absorb energy at lower strain rates, can significantly improve 
the low strain rate toughness of materials, and consequently improve their resistance to 
long-term cracking. Conversely, those systems that are indeed quite brittle at high 
strain rates would likely be more susceptible to cracking during high strain rate events 
such as stone impact.27 

As a final note, fracture energy measurements may also provide insight into subtle 
formulation changes. For example, clearcoat Β showed a marked difference in the 
initial fracture energy when fully formulated as opposed to when it was formulated 
without HALS or UVA. The fully formulated version has a fracture energy of 120 J/m2 

versus 60 J/m2 for the additive-free version. This difference is greater than the typical 
uncertainty on the measurements. The higher fracture energy of the fully formulated 
clearcoat could have been due to a different state of cure. Most of the clearcoats' 
curing chemistry is acid catalyzed. While the HALS the coating contains is supposed 
to be non-basic, there could have been some residual impurities that interfere with the 
curing reaction, leading to different network structures in the two formulations. 
Furthermore, the addition of a few percent of soluble small molecules may have 
plastisized the network increasing its fracture energy. Thus, small formulation changes 
such as changing the amount or type of HALS or UVA can have significant effects on 
both initial and long-term performance. 

Conclusions 

The catastrophic coating failures that can potentially occur in basecoat/clearcoat paint 
systems are the result of the changing mechanical properties of the coatings and of the 
stresses to which they are subjected. The changes in the mechanical properties are 
clearly driven by the weathering-induced chemical composition changes in the paint 
system. While the potential failures (cracking and peeling) can be dramatic and 
sudden, the mechanical properties of the coatings and interfaces do not change 
discontinuously, but rather in a gradual fashion. When the stress to which the coating 
is subjected provides enough driving force to overcome the fracture energy of the 
coating, cracking will occur. By measuring the fracture energy of automotive 
clearcoats as a function of weathering time, particularly in complete paint systems, 
these cracking events can be anticipated. Those systems whose fracture energy values 
are highest after exposure stand the greatest chance of not cracking during long-term in 
service exposure. By linking the fracture energy changes with a knowledge of the 
stress state in coatings it should be possible to make quantitative predictions on the 
lifetime of coating systems. Coupling fracture energy measurements with the 
indispensable chemical composition change measurements, will certainly reduce the 
risk of choosing coating systems with inferior long-term weathering performance. 
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Chapter 19 

Using Accelerated Tests to Predict Service Life 
in Highly Variable Environments 

William Q. Meeker1, Luis A. Escobar2, and Victor Chan1 

1Department of Statistics, Iowa State University, Ames, IA 50011-1210 
2Department of Experimental Statistics, Louisiana State University, Baton Rouge, LA 70803 

Today's manufacturers need to develop newer, higher technology 
products in record time while improving productivity, reliabil
ity, and quality. This requires improved accelerated test (AT) 
methods that can usefully predict service life. For example, 
automobile manufacturers would like to develop a 3-month test 
to predict 5 or 10-year field reliability of a coating system. Such 
estimation/prediction from ATs involves extrapolation. Seriously 
inadequate predictions will result unless adequate models and 
methods are used. This paper describes a general framework 
within which one can use laboratory test results to predict 
product field service life performance of certain products in a 
highly-variable environment. 

D i f f i c u l t y e s t a b l i s h i n g c o r r e l a t i o n b e t w e e n l a b o r a t o r y t e s t s a n d 
o u t d o o r w e a t h e r i n g t e s t s f o r p a i n t s a n d c o a t i n g s 

Manufacturers of paints and coatings, for example, have had difficulty in 
establishing adequate correlation between their laboratory tests and field 
experience. Most of the laboratory tests attempt to accelerate time by 
"speeding up the clock." This is done by increasing average level of exper
imental factors like UV radiation, temperature, and humidity and cycling 
these experimental factors more rapidly than what is seen in actual use, 
in an attempt to simulate and accelerate outdoor aging. Such experiments 
violate some of the rules of good experimental design (e.g., by varying 
important factors together in a manner that confounds the effects of the 
factors) and the high levels of the accelerating variables can induce new 

396 © 2002 American Chemical Society 
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failure modes. Thus such accelerated tests provide little fundamental un
derstanding of the underlying degradation mechanisms. Because experience 
has shown that the results of these tests are unreliable, standard product 
evaluation for paints and coatings still requires outdoor testing in places like 
Florida and Arizona (hot humid and hot dry environments, respectively). 
Such testing, however, is costly and takes too much time. 

Other possible reasons for differences between laboratory tests and out
door weathering tests include 

• Inadequate control/monitoring of laboratory accelerated test condi
tions [e.g., 

ξ = (UV, temperature, humidity)]. 
• Inadequate control/monitoring of field testing environmental condi

tions at outdoor exposure sites. 

• Physical/chemical models that do not provide an adequate descrip
tion of the relationship between degradation rates and experimen
tal/environmental variables. 

• Prediction models and methods that do not properly account for tem
poral environmental variability. 

See [4] and [3] for a detailed description of issues relating to prediction 
of service life for paints and coatings. 

T r a d i t i o n a l A c c e l e r a t e d Tests 
Reference [6] describes traditional accelerated life tests that are often 

used to provide timely information about life characteristics of components 
and materials. Other useful references for accelerated testing include [8] and 
Chapters 18 and 19 of [5]. This section briefly reviews these methods and 
provides an introduction to methods for using more powerful accelerated 
degradation tests. 

A n a c c e l e r a t e d l i f e t e s t 

Figure 1 shows the data from an accelerated life test on an electronic 
device (which we call Device A). These data were originally analyzed in 
[1]. The response was failure time for those devices that failed and the 
amount of running time for the others. The purpose of the experiment was 
to predict the early part of the failure-time distribution of the devices at an 
ambient use temperature of 10°C, presumably for a system to be installed 
under-sea. Superimposed on Figure 1 is a lognormal-Arrhenius model that 
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Figure 1: The Arrhenius-lognormal log-linear regression model fit to the 
Device-Α ALT data. 

describes the failure time distribution for the devices as a function of am
bient temperature. 

The Arrhenius-lognormal regression model is 

Pr[T(temp) < t] = Φ, 

where Φ η θ Γ is the standard normal cumulative distribution function, μ = 
βο + fax, 

_ 11605 _ 11605 
X ~ temp Κ ~ temp °C +273.15' 

temp Κ is temperature Kelvin, and β\ = Ea is the effective activation en
ergy. 

For this application, the use-environment conditions were stable and 
well characterized. See [1] and Chapter 19 of [5] for additional details on 
the model and the analyses of these data. 

A n a c c e l e r a t e d d e g r a d a t i o n t e s t 

Degradation data, when they are available, provide more information 
than the more common failure-time data. Degradation data also offer ad
vantages for developing mechanistic models that are important for accel
erated testing and other applications requiring extrapolation outside the 

log(t) - μ 
σ 
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Hours 

Figure 2: Deviee-B power drop accelerated degradation test data and fitted 
curves. Reproduced from Reference 7. Copyright 1998 American Statistical 
Association. 

range of one's data. Chapters 13 and 21 of [5] describe methods for ana
lyzing such data. We outline some of the basic concepts here. 

Figure 2 shows the data from an accelerated degradation test on an 
RF power amplifier (which we call Device B). These data were originally 
analyzed in [7]. The Device Β test is called a degradation test because 
the response was degradation in performance, in this case power drop, as 
a function of operating time and temperature. The temperatures shown 
are the junction temperatures corresponding to the environment in which 
the devices were operating. A device was defined to have failed after its 
power had dropped by 0.5 decibels (dB). The purpose of the degradation 
test was to estimate the fraction of units that would fail after 10 years at 
an operating junction temperature of 80°C. 

The degradation in power was believed to have been caused by a mech
anism that could be adequately described by single-step chemical reaction 
with rate constant TZ. Diagrammatically, 
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The rate equations for this reaction are 

^ = -TZA1 and *â*=KAi, Tl>0 (1) 
at at 

and the power drop was believed to be proportional to the level of A2. 
Because power drop is observable, we use A2 to denote this quantity. The 
solution of the system of differential equations in (1) gives 

Ax(t) = Ai{0)exp(-TZt) (2) 

A2(t) = A2(0) + Ai(0)[l-exp(-7tt)] 

where ^4ι(0) and ^2(0) are initial conditions. If ^ ( 0 ) = 0, letting ^2(00) = 

limt_oo A2(t) = -Ai(0), the solution for A2(t) is 

A2(t) = A2(oo)[l - exp(-Ut)}. (3) 

The asymptote ^2(00) reflects the limited amount of a material that was 
available for reaction to the harmful compounds. 

Reference [7] describes Device Β degradation with the model in (3), as
suming that random distributions on the asymptote ^2(00) a i *d the rate 
constant TZ reflect unit-to-unit variability. The lines superimposed on Fig
ure 2 are fitted regression curves, for each device, using the model in (3). 

S i m p l e t e m p e r a t u r e a c c e l e r a t i o n 

The Arrhenius model describing the effect that temperature has on the 
rate of a simple first-order chemical reaction is 

7£(temp) = 7oexp 

7oexp 

-Ea 

[kB x (temp+ 273.15) 

/ -Ea χ 11605 
\temp-f 273.15 

(4) 

where temp is temperature in °C and fee = 1/11605 is Boltzmann's constant 
in units of electron volts per °C. The pre-exponential factor 70 and the 
reaction activation energy Ea in units of electron volts are characteristics 
of the particular chemical reaction. Taking the ratio of the reaction rates 
at temperatures temp and tempy cancels 70 giving an Acceleration Factor 

A F ( t e m p , t e m P c / , £ a ) = ^(templ) ^ 

— exp 
_ , 11605 11605 
Ea tempt, + 273.15 temp + 273.15 J\ 
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Figure 3: Device-B power drop predictions as a function of temperature. 
Reproduced from Reference 7. Copyright 1998 American Statistical Asso
ciation. 

that depends only on the two temperature levels and the activation energy. 
If temp > tempjj, then Ai^temp, temp^, Ea) > 1. For simplicity, we use 
the notation *A?-*(temp) = AF(temp, temp^,!^) when temp^ and Ea are 
understood to be, respectively, product use (or other specified base-line) 
temperature and a reaction-specific activation energy. 

The lines in Figure 3 were obtained by evaluating (3) at the estimates of 
the means of the distributions of the random asymptote and rate constant, 
as a function of temperature, using the Arrhenius model in (4). 

G e n e r a l  t i m e  t r a n s f o r m a t i o n  m o d e l  

The Arrhenius model and other simple acceleration models result in 
what Meeker and Escobar [5] (Chapter 18) call a scale accelerated failure 
time (SAFT) model, in which the time to failure Τ (ξ) at environment 
conditions £ is related to the time to failure time T ( £ 0 ) at environment 
conditions £ 0 through the relationship 

m) = T(ÇQ)/AF(H). 

Although this model is adequate for some simple situations, more compli
cated acceleration models are often needed (e.g., when a failure mechanism 
involves two important rate constants with different activation energies). 
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A more general time-transformation function can be expressed as 

Γ ( € ) = τ [ Γ ( ί 0 ) , ξ ] . 

When the function Τ (t; £) is monotone increasing in £, the quantiles of the 
life distribution at £ and £ 0 are related by 

*P(É) = T[*I>(£O);É], o<p<i. 
The cdfs at ξ and £ 0 are related by 

P r [ T < i ; £ ] = ΡΓ[Τ(Γ;€)<*;€Ο] 

= P r p F ^ T - 1 ^ ) ; ^ ] . 

A G e n e r a l A p p r o a c h to Service L i fe 
P r e d i c t i o n in C o m p l i c a t e d E n v i r o n m e n t s 

As described above, tests that simply "speed up the clock" have not 
provided adequate predictions of field performance of organic paints and 
coatings. In general, the mechanistic modeling of failure and their depen
dency on accelerating variables is important for the successful application 
of accelerated testing. In order to do realistic service life prediction for 
complicated environments based on accelerated laboratory tests, we pro
pose the following general approach, generalizing the traditional methods 
described in the previous section. 

1. Use understanding of the physical/chemical mechanisms underlying 
product degradation and failure along with the experimental results to 
develop a deterministic product degradation model. To be workable, 
it will be necessary to develop a relatively simple model that, for 
example, identifies and focuses on the rate-limiting steps in the overall 
failure model. 

2. Conduct laboratory experiments, using standard principles of experi
mental design, to gain fundamental understanding of the mechanisms 
leading to failure. Factors studied in the experiment should corre
spond to the environmental variables that affect service life. 

3. Iterate between these first two steps in order to find and refine a model 
that will give the rate of degradation as a function of environmental 
variables and other important factors. 

4. Use manufacturing process or experimental data to model and quan
tify product variability (e.g., unit-to-unit variability due to differences 
in raw materials and processing). 
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5. Use environmental time series data on the important factors that af
fect degradation (e.g., UV radiation, temperature, humidity) to char
acterize the environment. This could be done, for example, by iden
tifying multivariate stochastic process models. 

6. Use the variabilities in steps 4. and 5. along with the physical/chemical 
mechanism model identified in step 1. to define a stochastic process 
model for product degradation. 

7. Use available data to estimate the unknown model parameters. 

8. Use the product degradation model to generate a product service life 
prediction model. 

9. Use statistical inference methods to quantify uncertainty in the service 
life distribution predicted from available data. 

The remainder of this paper will develop and illustrate the basic mod
eling and prediction methods. 

D e g r a d a t i o n M o d e l 

Degradation, P(£), usually depends on environmental variables like UV, 
temp, and RH, that vary over time, say according to a multivariable profile 
£(t) = [UV, temp, RH,. . . ]. Laboratory tests are conducted in well-controlled 
environments (usually holding variables like UV, temperature, and humid
ity constant). Interest often centers, however, on life in a variable environ
ment. 

Modeling begins by developing a deterministic physical/chemical models 
for the failure mechanism. Then random and stochastic process distribu
tions can be added, as needed, to account for important process variabilities 
(unit-to-unit, stochastic over time, or both). There are three situations to 
consider: 

• The environmental conditions described by the vector £ are constant 
over time. 

• The environmental profiles ξ = ξ(ί) have a variable but deterministic 
path in time (i.e., an experimental step-stress vs. time profile). 

• The environmental profiles ξ = £(£) are random in time (e.g., outdoor/ 
real-world weather conditions) and the distribution of environmental 
sample paths can be described by a (multivariate) stochastic process 
model with parameters θ ζ. 
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For example, Jorgensen et al. [2] used laboratory tests to identify a 
model similar to 

dP(t;Lc/v-B5temp,RH) ( Ea 

dt AxLuv-BXexp (-i — 77 I xexp(CxRH) 
\ KB χ temp Κ / 

where LJJV-B is the instantaneous UV irradiance in the UV-B band (290-
320 nm), temp Κ is temperature Kelvin, RH is relative humidity (all of 
the environmental variables are potentially functions of time), fee is Boltz-
mann's constant, Ea is an activation energy, and A and C are other pa
rameters characteristic of the material and the degradation process. 

D e t e r m i n i s t i c d e g r a d a t i o n m o d e l 

For a given environmental profile £(£), the cumulative degradation at 
time t for a particular unit (specified by a unit parameter vector β) can be 
expressed deterministically as 

V(t) = ίάν[τ,ξ(τ)} (6) 
Jo 

- f 
Jo 

dV[T]UV(r),temp(r),RH(r),...] ^ 
dr 

where άί){τ;ξ(τ)]/άτ. is the degradation rate and £(r) is the vector of 
environmental conditions at time τ (to simplify notation we suppress, for 
the moment, the dependence of V(t) on unit parameters β). In general, 
the cumulative degradation paths V(t) differ from unit to unit due to: 

• Intrinsic unit-to-unit differences (raw materials, processing differences). 

• Extrinsic differences (e.g., in environmental profiles denoted by £(r)) . 

S t o c h a s t i c d e g r a d a t i o n m o d e l 

The environmental variables in the profile £(£) are controlled in labora
tory tests, but will be stochastic over time in actual product use. In order to 
evaluate the distribution of degradation paths for a stochastic environment, 
one can still use (6), but the integral becomes a stochastic integral. 

A S imp le E x a m p l e 
This section presents a simple example to show how to predict the effect 

of environmental variability on degradation. The example is based on the 
Device Β power drop degradation model in (3). To keep the example simple, 
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we will assume that there is no unit-to-unit variability (i.e., β = (70 = 
1.59 χ 1 0 - 1 3 , Α 2 ( ο ο ) = -1.42) and Ea = 0.72 are held constant). 

Figure 3 shows the predicted degradation paths for Device Β power drop, 
according to the deterministic degradation model with Arrhenius temper
ature dependence, but with no unit-to-unit variability. 

In order to predict power drop for a unit in which temperature (and 
thus degradation rate) changes over time, one can use the following gener
alization of the model in (2): 

Λ2(*) = Α 2(0) + Αι(0) 1 — exp ^— J 7£[temp(r)] dr^j (7) 

where 7£[temp(r)] is the degradation rate constant, as a function of tem
perature, and temperature is allowed to vary with time r. For example, if 
the rate is 1Z\ from 0 to t\ and 1Z2 thereafter, then the power drop profile 
would be 

A2(t) = Α 2(0) + Λ ι (0 ) [1 - exp (-Tiit)], 0 < t < h 
A2(t) = A2(t1) + A1(tl)[l-exp(-U2(t-t1))},t>t1 

where 
A1(t1) = A2(0) + A1(0)-A2(t1). 

Figure 4 shows the degradation path for a unit run at 150°C for 4000 hours 
and 237°C thereafter with A2(0) = 0. For a general piece-wise constant 
temperature profile: 

^ 2 ( i ) - ^ 2 ( t i _ 1 ) + A 1 ( V 1 ) [ l - e x p ( - ^ ( £ - i i _ 1 ) ) ] , ti-i<t<U, (8) 

where z = l , 2 , . . . , 7 £ i = ^(tempj, temp̂  is the temperature between U-\ 
and U, and to = 0. Figure 5 shows the power drop path for a unit run at 
150°C with a brief excursion to 237°C. 

Figure 6 shows a simulated random temperature profile from Gaussian-
noise discrete-time (one-hour time increments) first-order autoregressive 
[AR(1)] stochastic process model with a mean of 150°C, a standard de
viation of 40°C, and autocorrelation p\ = 0.7. Equation (8) provides a 
numerical tool for computing power drop for computing power drop for 
any arbitrary discrete-time temperature profile. The power drop profile 
corresponding to the temperature profile in Figure 6, computed from (8), 
is given in Figure 7. 

Figure 8 shows simulated sample paths corresponding to five different 
simulated temperature profiles like that in Figure 6. The stochastic nature 
of simulated sample paths allows one to visualize the corresponding failure-
time distribution. In Figure 8, for example, failure could be defined as 
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-1.5 A 

Ο 2000 4000 6000 8000 

Hours 

Figure 4: Power drop as a function of time with a change in temperature 
from 150°C to 237°C after 4000 hours. 

-1-5i , , , 1 
0 2000 4000 6000 8000 

Hours 

Figure 5: Power drop as a function of time with a brief excursion from 
150°C to 237°C. 
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Ο 2000 4000 6000 8000 

Hours 

Figure 6: Simulated random temperature profile (AR(1) with pi = 0.7, 
μ = 150°C and σ = 40°C). 

-1-5 1 , , , 1 
0 2000 4000 6000 8000 

Hours 

Figure 7: Power drop as a function of time corresponding to the simulated 
random temperature profile. 
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o.o 

m •σ -0.5 A 
CL 
ρ 

Q 

5 o CL -1.0 A 

Mean 150 Degrees C, SD=40 Degrees C ->\ 

-1.5 A 

0 2000 4000 6000 8000 

Hours 

Figure 8: V(t\ξ) Power-drop cumulative degradation paths. 

the first time at which the power drop reaches —0.75 dB. Simulating a 
large number of such curves would provide an evaluation of the failure-time 
probability distribution. 

The smooth curve in Figure 8 was obtained by substituting the average 
temperature (150°C) into the constant temperature power drop model (3). 
It is interesting to note that, in this example, the stochastic sample paths 
tend to be lower than what would be predicted by substituting the average 
temperature into the constant temperature model. This shows the potential 
danger of substituting average values of random inputs into a deterministic 
model when trying to predict a response. The bias in the prediction is due 
to a combination of nonlinearity in (3) and in the Arrhenius relationship (4). 

In this section we return the more general notation used at the beginning 
of this paper. As described in Chapter 13 of [5], a closed form equation for 
the failure-time distribution for a degradation model can be obtained only 
for some very special, simple degradation models, even when environmental 
conditions are constant over time. Numerical or simulation-based methods 
are generally used and several general approaches are described there. 

This section extends the methods described in [5], providing expressions 
that apply with both unit-to-unit variability and random environmental 

Service L i fe D is t r ibu t ions 
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profiles. We start by reviewing methods for deterministic environmental 
profiles. 

D e t e r m i n i s t i c e n v i r o n m e n t a l p r o f i l e 

In this section we condition on a fixed environmental profile ξ and use 
ΐ>(£|£,/3) = V(t\ζ,βι,... )Pk) to denote the degradation for a unit as a 
function of β and time t. For a specific unit, β contains parameters de
scribing unit-to-unit variability. We suppose that in a population of units, 
β has the density /(β). Note that for a given ξ and β, the path V(t\ ξ, β) 
is deterministic. Conditional on the ξ, the environmental profile, 

Ρτ(Τ<ί\ξ;θβ) = F(t\t,ep) = -Pi[V(t\Çrf)<Vt]ep] (9) 

= Ιδ[ν(ί\ξ;β)<ν{)ηβ;θβ)άβ 

where the indicator function δ[ ] is 1 if the argument is true and 0 otherwise. 
For a fixed environment profile £ = £ 0 , the cdf F(t\ £0; θ β) gives the fraction 
failing as a function of time, reflecting unit-to-unit variability. 

As described in Section 13.5.2 of [5], when V(t\β) is a decreasing func
tion of t, depending on just two parameters β = (βι,β2) that are bivariate 
normal distributed, and if Τ>(ΐ;β) is decreasing in β2, then (notationally 
suppressing the dependency on the fixed £) 

F(f,θβ) = P(T < t;θ β) = / " % [ - g ( p ' » * ' f t ) - P f t l f t j ± . φ (ÊLZm) 
J-OO L σβ2\βΐ J σβΐ \ σβΐ J 

where g(Vf, t, β\) is the value of β2 that gives V(t; β) = Vf for specified βχ 
and t and where 

(β\ - μβι 

Ηΐ\βΐ = 'βΐ + Ρσβ2 I 
\ σβι 

This approach is easy to adapt to functions V(t; β) that increase in β2 or 
t. Also, this approach can, in principle, be extended in a straightforward 
manner when there are more than two continuous random variables. The 
amount of computational time needed to evaluate the multidimensional 
integral will, however, increase exponentially with the dimension of the 
integral. 

S t o c h a s t i c e n v i r o n m e n t a l p r o f i l e 

In this section suppose that the variability in the environmental profile 
can be described by a stochastic process model (say with controlling 
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parameters θ ξ). Then, because the degradation rate depends on the envi
ronment, β) is also stochastic, as illustrated in Figure 8 with the power 
drop example. Considering the variability in the environmental profile ξ, 
Ρ(ί\&θβ) i s a random function. For fixed time to, W = F( to |£ ;00) is 
a random variable reflecting the variability in the random environmental 
profiles. 

Under the assumption that the random environment in ζ is independent 
of the unit-to-unit variability in β, the probability distribution 

Fw(w;θβιθξ) = PT(W < w) = P r [ F ( t 0 \ ξ ; θ β ) < ί υ } , 0 < w < 1 

allows assessment of the distribution of fraction failing by to? relative to an 
uncertain future environment. With respect to variability in the environ
ment mental profile ξ, the expectation of W is 

E (W) = E [F (to| ζ; θβ)\ = F(tQ; θβ, θξ) 

giving the conditional probability of failure before time ίο for & single unit. 
More generally, 

F(t;ep,ee) = JPr[V{t)<Vt\t;ep]f{t,et)d£ 

which is, in effect, averaging over all possible environmental profiles in the 
environment described by the environmental model parameters θ 

A n a l t e r n a t i v e r e p r e s e n t a t i o n f o r t h e u n c o n d i t i o n a l p r o b a b i l i t y o f 
f a i l u r e 

Conditional on a fixed /3, the failure-time distribution is 

F(t|/3; θζ) = Pr(T < ΐ\β; θ ξ) = Pr [V(t) < Vf] = Pr [ / dVlrj^ dr<V{ . 
Uo " T 

(10) 
As in (6), computation of F(t\fi\ θς) requires the solution of the stochastic 
integral for the specific environment characterized by θ ζ. Accounting for 
unit-to-unit variability in the β parameters gives the following alternative 
representation for the unconditional probability of failure for a single unit. 

F(t; θβ,θά = J F(t\fi; 0€)/(/3; θβ)άβ. (11) 
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T i m e t r a n s f o r m a t i o n f u n c t i o n w i t h s t o c h a s t i c e n v i r o n m e n t a l p r o 
f i l e s 

As shown in the previous section, for a model with stochastic pro
cess variability, the failure-time distribution can be determined by solving 
stochastic differential equations or averaging of the possible realizations of 
a random environment. In principle, it is also possible to determine a time 
transformation function Τ for any specified failure model, characterized by 
a degradation model and a failure criterion, Vf and such a transformation 
function can be generalized to allow for stochastic environments. Such a 
time transformation function can be used to relate the failure-time distri
butions at two different locations with different environments characterized 
by different set of stochastic process model parameters, say θ ξ and 0$Q. 
That is, 

Ρτ[Τ<ϊ,θ€,θβ] = Ρτ[Ύ{Τ;θ€)<ΐ;θ^θβ] 

= Ρτ[Τ<Ύ-ι(Ρ,θά;Οξο,θβ]. 

The function Τ(£;0$) can be determined by finding the mapping be
tween the failure time quantiles for different 0 < ρ < 1 at conditions char
acterized by a stochastic process with parameters θξ versus those with 
parameters θζ0. 

C o n c l u d i n g R e m a r k s a n d A r e a s for F u t u r e 

Research 

This paper has outlined a general framework for using accelerated degra
dation tests to predict the performance in a highly-variable environment. 
The methods depend importantly on the ability to describe adequately the 
failure process by a relatively simple model (so that its parameters can be 
estimated reliably from experimental data) that gives degradation rate as a 
function of environmental conditions. Such models will have to be provided 
by scientists working with particular materials and products. Even with 
such a model in hand, there remain a number of technical challenges that 
are the subject of current research. These include 

• Modeling of environmental variables (e.g., UV and other weather-
related variables) with a stochastic process model. 

• Methods for quantifying uncertainty in forecasts due to: 

• Uncertain future weather. 
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• Uncertainty in model parameters (for both the random-effect 
unit-to-unit variability and the weather models) due to limited 
data. 

Prediction intervals for quantities of interest like cumulative degrada
tion or fraction failing would be the natural means of describing the 
effects of this uncertainty. 

• Numerical techniques for implementing the methods. 

• Approximations that will allow rapid analyses, at least for some special-
case situations. 
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Chapter 20 

Computer Programs for Nearly Real-Time Estimation 
of Photolytic and Hydrolytic Degradation in Thin 

Transparent Films 
Brian Dickens 

c/o National Institute of Science and Technology, 100 Bureau Drive, Building 226, B350, 
Stop 8621, Gaithersburg, MD 20899 

Computer programs are described that allow the entry of data from 
the Building and Fire Research Laboratory photoreactor at the 
National Institute of Standards and Technology into specially 
designed relational database tables, facilitate the checking of the 
data, and calculate relative quantum yields of photodegradative 
processes in the presence of hydrolysis by providing ways of 
subtracting controls. Many processing options are included. The 
interface is predominantly driven by mouse clicks and is highly 
automated. The computer programs run under 32-bit Windows. 
They are partly a production tool and partly a research tool. 

A simplistic view divides estimation of product service life into 1) manufacturing, 2) 
testing, 3) specifying expected service conditions, and 4) extrapolating the test 
results to the expected service conditions. 

Manufacturing is included because, if nominally identical articles have a wide range 
of service lives undo* nominally identical service conditions, thai the articles are not 
only not identical but also they are not even very similar. This may be because of 
inadequate control of conditions or materials during the manufacturing process. It 
complicates the analysis and significantly increases uncertainty in the results. 

Testing is a matter of exposing the articles to the dominant "stress factors", typically 
considered for coatings to be UV and visible radiation, moisture, and heat because 
these factors are present at most locations. If other factors are active locally, such as 
salt near the ocean, they must be included. The testing must quantify the influence 
of the most important stress factors on the articles and must include measurements of 

414 © 2002 American Chemical Society 
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the interactions between actors and of the effects of cycling the values of the factors. 
The goal is to predict the response of a typical article to specified combinations of 
actors. The intention is to use these predictions to estimate what will happen to the 
article under some chosen sequence of stress factor levels representing the expected 
service environment. 

The expected service environment is a sequence of stress factor levels thought likely 
to be close to or representative of those that will occur in practice. Based on 
quantitative information from the testing, the response of the article to the expected 
service life is tallied until changes in the article reach levels designated as 
constituting failure. The response level calculated for the article will accumulate all 
the errors in measuring the levels of the component parameters and their effects. Tt 
will be difficult to make the calculated response level precise. Attention must be 
paid to detail at all times. There is no substitute for careful and thoughtful work, 
well planned and correctly performed. 

Experimental Considerations 

A photoreactor was built at NIST (1) to expose coating specimens to a wide range of 
constant levels of the three main stress factors, UV-visible radiation, humidity, and 
temperature. (External weathering does not provide the separation of factors, the 
constant levels of factors, and the wide variation in factor levels that are appropriate 
to characterize the effects of the factors on the specimens.) The design of the 
photoreactor proved to be well thought out and the few problems encountered during 
the first exposures were successfully overcome. The result of exposing a group of 
specimens was an enormous collection of spectra documenting changes in lamp 
irradiance, filter transmittance, specimen absorbance and specimen damage. With 
the computer programs described here, one can systematize and correlate these 
spectra, together with parameters which document the apparatus and the specimens, 
in relational database tables and within minutes provide a plot of degree of damage 
versus incident wavelength for various levels of humidity and temperature. 
Emphasis and effort can now be concentrated more on assessing the meaning of the 
results than on processing the data. This report will describe some of the capability 
of the programs which take the user to that stage. 

Photolytic damage is caused by radiation absorbed by the specimen from sunlight or 
similar radiation incident on the specimen. Photolytic damage is expected to be 
wavelength specific, partly because different wavelengths contain different amounts 
of energy per photon and partly because which chemical group acts as the 
chromophore depends on the wavelength of the incident radiation. Photolytic 
damage is instantaneous following the absorption of radiation. 

Hydrolysis is attainment of a temperature-dependent equilibrium and is driven by the 
concentrations of hydrolysable groups and water in the material (water being 

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

02
0

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



416 

typically expressed in moles/liter). Because hydrolysis is a relatively slow process, it 
can take hours, days or weeks for equilibrium to be reached, depending on 
temperature and catalysts. 

In the experiments carried out to date, damage (the cumulative effects of photolytic 
degradation and hydrolysis) has been monitored quantitatively by changes in IR 
spectra. This has the advantage of providing information on the chemical processes 
involved. Since the procedure currently involves estimation of apparent relative 
quantum yields, the emphasis in this system of programs is on photodegradation. 
Different systems of exposure can be envisioned and other quantitative evidence of 
damage will be used in Mure investigations as the need arises. 

Rationale 

The dosage is estimated from UV-visible spectra of the lamps and the interference 
filters used to isolate a particular wavelength range, and from the UV-visible 
absorption of the specimens themselves. Some of these changed with time. For 
example, the lamps aged and the specimens degraded. The experimental procedure 
is therefore to monitor the process over short ranges of time over which any change 
is presumed to be linear. Once the spectral output of the lamp and the transmittance 
of each filter are known, the amount of radiation incident on a specimen can be 
estimated. From the specimen absorbance, the transmittance of the specimen is 
known. Radiation incident on the specimen but which does not emerge at the other 
side of the specimen is presumed to have been absorbed by the specimen and is taken 
as being the apparent dosage. Whether to consider that all the absorbed radiation 
leads to degradation or whether some radiation is considered to be "harmlessly* 
absorbed by degradation products, acting as light stabilizers, rather than by the 
original coating material is a choice offered by the programs. The above procedure 
was developed for transparent specimens. For opaque specimens, absorptance will 
be estimated from a combination of reflectance and transmittance measurements 

The programs allow the rapid estimation of dosage and damage from legions of data. 
In fact, one could say that the programs make possible the processing of so much 
data. This in turn makes feasible a systematic study of the effects of the "stress" 
factors over wide ranges of stress, a desirable and probably necessary condition 
where correlated processes are to be resolved. The programs are also research tools 
that organize the data so that aspects of the experiments can easily be recalled and 
examined. Archiving and copying the data merely require copying a few database 
tables. 

The programs have been designed to be complete yet relatively easy to use. They run 
under 32-bit Windows, i.e., Windows 95, Windows 98, Windows NT and Windows 
2000. The file structure of the database tables is MS FoxPro. This structure was 
chosen because it is widespread and has each table in a physically different file Itis 
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quite flexible and allows the easy manipulation of so-called memos or "Blobs" -
collections of binary data which can be stored compactly on the computer disk yet 
can be read into compute memory extremely quickly. The structure of the data 
tables is described in the program manual (2). 

Calculation of Dosage 

Radiation from the lamp is directed to the œil containing the specimen, where it 
passes through a filter and is then incident on the specimen. The specimen 
absorption spectrum gives the fraction of the incident radiation that emerges from 
the other side of the specimen. 

Components such as the lamps and specimens change with time. These changes are 
followed by taking UV-visible spectra and, in the case of the specimens, IR spectra, 
at reasonable intervals. 

The procedure for estimating the dosage is: 

Interpolate between lamp spectra adjacent in time to get the output, IQ , of the lamp 
in watts at the time of interest. 

Inleipolate between filter spectra adjacent in time to get % transmittance = f. The 
transmitted radiation, is given by I f = f IQ/100 

Interpolate between specimen absorbance spectra adjacent in lime to get A at each 
wavelength for which the spectra were measured. The transmitted radiation It = 
IflO"A where A = absorbance. 

The radiation in watts absorbed by the specimen then given by I F -I T = If (1-10"A) = 
f IQ/100 (1-10"A). The flux IQ is in watts (Joules/s) and is wavelength-dependent. 
Multiplying the flux by the elapsed time in seconds gives the dosage, i.e., the energy 
the specimen has absorbed, in Joules. 

Propagation of error Propagation of error 

A model must successfully account for effects seen in the experiments before it can 
be used to generate prophesies. But before a model can be proposed, the effects must 
be visible, i.e., above the noise. The noise levels in the measurements are very 
important. They affect whether or not the effects of the experiments are discernible 
and usable. They also determine the applicable range (in time or radiation level or 
hydrolysis level) of any prophesy. 
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The computational procedures involved in estimating damage and dosage include 
multiplying, dividing and subtracting combinations of spectral absorbances. Tt is 
necessary to be aware of the effect of noise and to minimize the noise produced in 
the measuring processes. 

Given that ζ = a + bx + cy, then the propagation of error formula for subtraction and 
addition of χ and y to yield ζ is 

2 2 2 2 2 σ (ζ) = b σ (x) + c σ (y), whore σ is the standard error in the quantity. 

a b 
For multiplication/division, ζ = χ y , the formula is 

2, w 2 2 2 M / 2 ± . 2 2 M / 2 σ (ζ) I ζ =a σ (x)/x +b σ (y)/y 

Clearly, noise is never lost. Subtraction and division are especially troublesome in 
that the new derived quantity is usually smaller than the original quantities but the 
noise of the derived quantity is always larger than the noise in either of the original 
quantities. 

Damage 

In the photolytic part of the damage suffered by the specimen, the damage at a 
particular wavelength of incident radiation is given by 

damage = flux * time * quantum yield (at each wavelength in the spectrum) 

and the dosage, D, is given by D = flux* time. 

Flux and time are quantities from the exposure in the photoreactor. The flux is 
presumed to be constant over each time interval. 

If the damage is represented ψ terms o£ dosage, J), by a polynomial, then 
damage = aQ+ aj*D+ a2*D + â *D +â *D (1), 
where SÎQ, â , SL^, and a 4 are coefficients of the polynomial. 

A polynomial is convenient for interpolation because it allows for any reasonable 
shape of damage/dosage curve, including those which are non-linear with increasing 
dosage due to shielding of the matrix by degradation products, using up weak links, 
formation of skins, etc. A polynomial should not be used for extrapolation. 
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Quantum yield 

Quantum yield (q) is the damage per unit dose and is wavelength-specific. 

The quantum yield for a particular wavelength in the incident radiation is given by 
differentiating equation (1) to give - ~ 
d(damage)/dD = & l+ 2*a2*D + 3*a3*D + 4*a4*D . 

The coefficients â  etc., propagate the random errors arising from 
1) the experimental data and 
2) the assumption that the polynomial describes the damage/dosage relationship. 

Systematic errors are not discerned in this treatment 

Ffpm the propagatioî of ô ors for multip ĉatî n, 2 2 2 
σ (damage)/damage = σ (flux̂ )/ fhnĉ  + σ (timê )/ timê  + σ (q)/q 
where flux^ and time2 are quantities characterizing tne expected exposure. The 
uncertainties in the conditions which characterize the expected service environment 
play a part in the estimation of the expected damage uncertainty of the result, as do 
the uncertainties in the quantum yields. 

Quantum yield is really the fraction of absorbed photons which lead to the event 
under consideration. Here, we have used the term quantum yield to represent the 
yield of damage, as shown by the IR spectrum of the specimen, per joule of absorbed 
radiation. If the TR absorbance decreases with dosage (because the chemical group 
causing the IR absorbance is being consumed), our quantum yield will be negative. 
We have kept the sign as additional information which need not be discarded. 

Database tables 

The programs allow the usa* to process data for a particular specimen by clicking on 
a button. To provide that capability, the programs must have ready access to the 
required data. The data are stored in various database tables which are inter-related 
so that any particular item of information is only stored in one table. These tables 
are in MS FoxPro format and can easily be read by any Windows-based database 
program. However, to do more than look at the contents of the tables requires some 
specific computer coding. 

Two programs are provided to put data into the tables. One program automates 
entering spectra and the other makes it easy to oiler textual data. They are described 
in the program manual. 

At least two programs are provided to allow the user to browse the data tables. One 
browses through tables of spectra and the other through textual tables. The spectra-
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browsing program allows a certain amount of spectral manipulation so that trends 
and effects can be monitored. Some small amount of editing of the data can be 
carried out in both programs. This is necessary to correct the mistakes that 
inevitably creep into large sets of data. 

Calculation of dosage, damage and quantum yield 

Several steps are required to calculate dosage, damage and quantum yield. The 
database tables to use must be made known to the program, as in the screen below. 
Tables can be attached to the program by reading in a previously saved initialization 
file, by clicking on each table button and selecting the table file name in a standard 
open file dialog, or by dragging and dropping the file name from Windows Explorer 
onto the table button (Figure 1). 

Figure 1. Screen where database tables are assigned. 

Specimens can be processed singly, both manually and automatically, or 
automatically in batches. A specimen is chosen by clicking on the navigator bar at 
the top of the next screen. With each click, the information for the current specimen 
is displayed in the lower half of the screen. When first starting, one would select a 
specimen and click on manual processing (Figure 2). 
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Figure 2. Screen to scroll through the database, select a specimen and start 
processing. 

Control Parameters 

The program is very flexible, but this means that choices have to be made. Most of 
the choices are on die "Process Options", the last page of the tabbed page control 
(Figure 3). 

Zeroing the UV Spectra 

Before any curve can be scaled or used in other arithmetic procedures, the data must 
be corrected for offset from the true zero position. In the case of the spectral curves 
in this program, the χ values are typically wavelengths and are well known, but the 
measurement of the lamp intensity, for example, includes a dark current which will 
be non-zero even when the lamp is off. The lamp spectra will be moved along the 
vertical axis until they are zero at the wavelength specified in the "Zero lamp spectra 
at" box (Figure 4). Hie specimen UV-visible spectra will be similarly be moved 
along the vertical axis until they are zero at the wavelength specified in the "Zero 
specimen spectra at" box. If the value in a box does NOT fall in the wavelength 
range of the spectrum, no zeroing will be done, which provides a convenient method 
of turning the zeroing off. 
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Figure 3. The process options screen. 

Figure 4. Selecting the zeroing sites for the lamp and specimen UV-visible spectra. 
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The filter spectra are not zeroed. The lamp and specimen UV-visible spectra are 
corrected by simple vertical shifts of the data. This removes the dark current equally 
from all places in the lamp spectra. No corrections for sloping backgrounds are 
applied to the specimen UV-visible spectra. 

Zeroing the Damage (IR) Spectra 

The damage spectra (currently IR spectra) can also be zeroed. There are several 
places in a typical IR spectrum where the absorbance can be expected to be zero. 
These places are selected by clicking on a plot of the damage spectra. The 
intersection of the wavelength where the plot was clicked and the absorbance on the 
curve defines a point which will be made zero. Al l points on a straight line between 
any adjacent clicked points will also be made zero. If there are no adjacent clicked 
points, as for before the first point or after the last point clicked in the plot, all points 
from the clicked point to the beginning or end of the plot will have the y coordinate 
of the clicked point subtracted from their y coordinates. This means that a series of 
straight lines can be defined by clicking on the IR plot and the straight lines between 
these points will define the new zero baseline. 

To specify where to zero the spectra, click on the "Put Zeroing Xs for Damage Plot 
into Table" button (Figure 5) on the "Process Options" page. 

Figure 5. Entry buttons to the select zeroing sites procedure. 

The table of sites at which to zero the damage plot is then shown and the damage 
plot is displayed (Figure 6). Sites can be typed into the table or put into the table by 
right-clicking on the damage plot. The site produced by clicking is entered into the 
table of zeroing sites where the cursor is so, if the cursor is at the top of the table, 
successive clicks will move down the table, replacing whatever is already in the 
table. To avoid wiping out what is already in the table, one should click on an empty 
line in the table below any filled lines. When the process is ended, the table will be 
tidied up by the program. 

Zeroing takes place on the data only after they have been read into the program. The 
original data in the database table are left untouched. 
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Figure 6. Choosing the zeroing sites in the damage spectra by clicking on the 
spectra. 

The process of adding zeroing sites to the table must be ended so that mouse clicks 
can revert to their normal usage. The "Put Zeroing Xs for Damage Plot into Table" 
button on the "Process Damage" page is down during the zero site adding process. 
Re-clicking on this button ends the process (Figure 7). The program will now use 
the list of sites to zero all damage spectra before they are processed further. 

Selecting the Damage Sites in the Damage Spectra 

The spectral sites at which damage is to be assessed are selected in a procedure 
similar to that used to selecting the zeroing sites. To specify where to monitor the 
damage spectra, click on the "Put Damage Xs from Plot into Table" button (Figure 
8) on the "Process Damage" page. 
This brings up the Damage Site table (Figure 9). Right mouse clicks on the damage 
plot (or, better, on the difference damage plot) will put the abscissa (wave number in 
the case of IR spectra) values for these sites into the table. The entries begin where 
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Figure 7. Removing the table of zeroing sites from view. 

Figure 8. Starting the selection of sites in the damage spectra to use 
damage. 
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the cursor is in the table, so before clicking on the damage plots, put the cursor in an 
empty row of the table below any filled lines. 

Figure 9. Adding damage sites to the damage site table. 

The process is ended by re-clicking on the "Put Damage Xs from Plot into Table" 
button on the "Process Damage" page. This button is kept down during the process to 
show that the process is underway. When the table is hidden by the program, the 
entries in the table are tidied up so that there are no empty rows. When a specimen 
is processed automatically, damage will be estimated at the sites in this table. 

Ablation 

Some specimens suffer loss of material during the exposures. For convenience, this 
type of loss will be referred to here as ablation. The results of ablation must be 
corrected if effects in specimens of different thicknesses are to be compared or 
subtracted. This situation occurs when the spectra of controls must be subtracted 
from those of severely degraded exposed specimens. The program provides a 
mechanism for correcting for ablation by scaling the IR (damage) spectra so that the 
absorbance at a user-specified wavelength has a pre-specified value (Figure 10). 
Alternatively, the thickness of the specimen can be estimated by comparing its 
absorbance at some wavelength with the absorbance at the same wavelength of a 
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specimen of known thickness. The wavelength in the damage spectrum at which to 
estimate specimen thickness is specified in the box next to the "Estimate specimen 
thickness/ablation at" label and should be a place in the spectra not be affected by 
photolytic or hydrolytic degradation. This box can conveniently be filled in by first 
checking the check box labeled "If checked, click on IR will sélect new place to use 
to estimate ablationM, then clicking on the IR plot. Uncheck the check box before 
proceeding. 

Figure 10. The ablation site and spectral scaling options. 

Specimen Thickness 

To estimate the damage a specimen has sustained, IR spectra from the specimen and 
a control must be adjusted and subtracted. Typically, the control specimen has been 
kept in the dark and the "damaged" specimen has been exposed to lamp radiation. 
These specimens were probably not of exactly the same thickness at the beginning of 
the exposures and the thickness of the exposed specimens may have changed as a 
result of ablation during the exposure. Thus, the spectra will probably not have 
equal intensity where they should have equal intensity. If the "Scale to Std Specimen 
Thickness" check box (see above figure) is checked (by clicking on it), the spectra 
are scaled (on the vertical axis) to a standard value, specified in the "Standard 
Thickness of Specimen in IR units" box, at the wavelength specified in the "Estimate 
specimen thickness/ablation in IR at" box (see the figure above). Subtractions of the 
spectra from one another will then be more realistic. If on the other hand the 
ablation is of major interest, one would not want to correct for ablation in this way 
because the effect of ablation would then be removed from the data. The check box 
allows the program to handle both cases. 

Subtracting the Control Specimens 

The effects in the control specimens are usually subtracted from the exposed 
specimens - that is why there are controls. None the less, the option is provided not 
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to subtract the controls by unchecking the "Subtract Control Specimens" check box 
(see the figure above). 

Scale all IR Spectra to Control Spectra 

If the "Scale to Std Specimen Thickness" check box is not checked, no scaling to the 
ablation site will be carried out and ablation will be included in the results. 
Including ablation may override any chemical changes; not including ablation will 
make the chemical changes the only changes. 

Smoothing the spectral curves 

If the "Smooth All Curves" check box is checked, the raw data spectra will be 
smoothed immediately after they are added to the plots (the data on the disk will 
remain untouched). Subsequent arithmetic operations using these spectra will thai 
use the smoothed values. 

Ablation, Dosage and Damage 

The dosage of a specimen is calculated from the lamp and filter spectra and from the 
UV spectra of the specimen. Because the beam traversing the specimen is attenuated 
by the specimen, degradation is probably not uniform across the specimen. Scaling 
the dosage as a function of specimen thickness is not a simple matter. Therefore, if 
ablation has taken place and but corrections for ablation are not to be made, the 
damage spectra are first scaled so that they can be compared with and corrected by 
reference to the control damage spectra, then, when making the damage/dosage plot, 
are rescaled back to the values they should have for a specimen of the thickness that 
produced the damage spectrum. 

Signal versus Noise 

The Building and Fire Research Laboratory photoreactor and this system of 
programs are used to assess the weathering resistance of specimens that are 
presumably very resistant to the effects of weather. Therefore it may be that some 
aspects of the test lead to a low signal (result of measurement). Consequently, noise 
is a problem which must be watched carefully, the experimental conditions must be 
well-controlled, and the exposures must be long enough for the results to be 
significantly above the noise. 
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The first test of whether the signal is above the noise is the minimum amount of U V 
absorbance the specimen is required to have in the region of the filter transmission. 
This is the quantity specified in the box labeled "Minimum Significant UV 
Absorbance in Filter Range" in Figure 11. The specimen UV absorbance must be 
well-determined for the calculations to be meaningful. The specimen UV absorbance 
enters the dosage calculations as the exponent of 10, i.e., as A in 10"A 

Limits Defining Non-Zero Data - - ~- •·- - · — ~ ~ - - ""·""" 
Minimum "Significant" UV rrrrr fc&wnurnlR rrjrr More than this traction of sign reversals r r r r 
Absorbance m Fier Range I Absorbance Range I (+/-) w i mean a curve Is Just noise 1 ' 

Figure 11. Setting the noise levels and noise test. 

The second test is that the IR absorbance where the damage is to be monitored must 
change during the experiments by at least the number of absorbance units specified 
in the box labeled "Minimum IR Absorbance Range" (Figure 11). 

The third test is on the fraction of times a damage or dosage curve changes direction 
when plotted against time of exposure. If the two lines joining three adjacent points 
in the curve have slopes of different sign, this is counted as a sign of noise. The test 
then examines all sets of three adjacent points. The fraction of the cases where noise 
is signaled is compared with the number given in the box labeled "More than this 
fraction of reversals will mean a curve is just noise" (Figure 11). A curve which first 
grew and then declined would always have one such point, where it changed from 
growing to declining, but many more than one such points would signify that the 
curve changed direction many times and presumably was very noisy. If a curve is 
found to be noisy and automatic processing is underway, the data in that curve will 
not be processed further. If manual operation is underway, warning messages will be 
shown. 

Correlations in the Damage Spectra 

The damage spectra show the changes which occur as the specimens are exposed to a 
laboratory environment. It may be that it is not immediately obvious what those 
changes mean. Therefore an option was provided to assess which in which regions 
in the damage spectra changes are related to each other. 

Chemical groups which appear in the specimen during degradation will have 
increased IR absorbance. Chemical groups which disappear during the degradation 
will have decreased IR absorbance. It would simplify the interpretation of the IR 
spectra if changes arising from a given process (i.e., destruction of a chromophore 
and creation of degradation products) could be identified and treated together. 
Secondly, it is futile to examine two regions in the damage spectra which are well 
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correlated because one is thai using the same information twice. Thirdly, changes 
in spectra are best measured at absorbances of 0.4 to 0.7 or perhaps as high as 1.0, so 
the intra-spectra correlations can be used to select a region with the most-nearly 
satisfactory absorbance. 

A system was therefore devised and implemented to assess correlations among 
absorbances in the damage spectra. There are typically 10 to 20 spectra in a series of 
damage spectra. For every wavelength, there are therefore 10 to 20 absorbance 
values which, if plotted with spectrum number (1,2,3,4...) on the χ axis and 
absorbance on the y axis, constitute a curve. These curves are used to estimate intra-
spectral correlations. If the user selects a location in the damage spectra (by clicking 
on the plot of the spectra) the correlations of that site with all other sites (at all other 
wavelengths) in the IR spectra is calculated and plotted. This shows which regions 
of the spectra are correlated, simplifies the interpretation of the spectra, and allows 
the user to follow damage using the best site, as discussed above. 

Figure 12. Setting the options to calculate correlations in the damage spectra. 

The first check box in Figure 12 sets up the damage plot so that right clicks on it will 
be interpreted as places for which to calculate the correlation to all other parts of the 
spectrum. The various correlation curves are plotted in a correlation plot. Uncheck 
the check box after the tests so that mouse clicks can revert to their normal functions. 

If the "Data in Correlation Plot Must Pass Noise Test" check box is checked, the 
program first checks that the trend with spectrum number (i.e., time) is not noisy 
according to the fraction of sign reversals permitted for the slope of lines joining 
adjacent points. If the trend fails the test, no correlation plot will be made. The 
severity of the test for noise can be reduced by increasing the fraction of allowed 
reversals (i.e., making the number in the box shown in Figure 13 closer to 1.0). 

Figure 13. The fraction of sign reversals permitted for non-noisy curves. 
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When the correlation plot is being made, trends in the spectra which do not pass this 
same noise test will have their correlation with the trend at the point clicked set to 
zero. 

As an example of a correlation plot, a right click at 1674 cm"1 in the spectrum in 
Figure 14, i.e., on the right-hand peak of the double-peaked envelope near the 
middle of the plot, 

Figure 14. Sample damage plot providing the correlation plot in Figure 15. 

gives the correlation plot in Figure 15. 

Figure 15. The correlation plot from Figure 14. 

Places in the correlation plot where the vertical coordinate is at or near +1 contain 
the same trend with time (i.e., with damage spectrum number) as the absorbance at 
1674 cm"1, although the actual values of the IR absorbances are almost certainly 
different. Places where the vertical coordinate is at or near -1 have the opposite trend 
with time as the series of IR absorbances at 1674 cm"1 and may be from a group 
which is consumed when the group absorbing at 1674 cm"1 is produced. 
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Saving the processing parameters 

When the control parameters have been set, they can be saved with the names of the 
database tables in an initialization file which can be used to start the program with 
the same conditions in the future. 

Processing a batch of specimens 

For automatic processing, the user clicks on the button on the first page (Figure 16). 

Figure 16. The automatic processing options. 

selecting the number of specimens given in the spin box, or, if all specimens from 
the current one to the end of the data set are to be processed, selecting 0 as the 
number of specimens to do. The results are shown visually in plots and may be 
written to a damage database table that can be examined using two other programs. 
Examples are given in the program manual. Data from most of the plots can be 
written in textual form to the Windows clipboard for pasting into other packages. 

Comparing results from different specimens 

One "comparison of results" program provides interpolations of damage/time curves 
to 0%, 20%, 40%, 60%, 80% and 100% levels of RH and allows other operations on 
the damage/time curves. The second program compares the quantum yields 
themselves and allows the user to assess the evidence the quantum yield program 
amassed for each estimate of quantum yield. Examples are given below. 

The user can select to plot quantum yields as a function of the various exposure 
parameters. Figure 17 is a plot of quantum yield versus filter wavelength for damage 
at 1630 cm 1 in an acrylic melamine exposed to temperatures of 50 and 60C. Data 
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from all humidities at these temperatures are included. The amount of photolytic 
degradation was generally small, especially at the lower wavelengths. 

Figure 17. Quantum yield versus filter wavelength . 

The data seem to be very consistent with wavelength among all these cases. This 
provides confidence in the data collection and in the calculation procedure. The fall 
off in quantum yield below 320 nm is due to little or no perceptible degradation 
because at those wavelengths 1) the lamp output is low, 2) the filter range is narrow 
(2 nm) and 3) the filter transmission is low (20% for the lowest). 

The conditions imposed on the data in the program that wrote the damage database 
table are shown in Figure 18, a screen from the dosage-calculating program. 

The damage-dosage plot is the lower of the two plots in Figure 19 - there are some 
cases which have very low dosage, as shown by the short lines. 

In Figure 20, the plot was zoomed (using the first plot button) and the short lines 
identified using the plot "Names" button. As is shown, one of the short lines is for 
the wavelength of290 nm. 
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Figure 18. The conditions used in the data-processing program to give the results 
shown in Figure 17. 

Figure 19. Top = damage spectra intra-spectral correlations, bottom = 
Damage/dosage plots for the results in Figure 17. 
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Figure 20. The zoomed damage/dosage plot shows that the least dosage was for 290 
nm radiation. 

Conclusions 

Data documenting exposure conditions and the resulting changes in clear films have 
been assembled into a system of relational database tables. Programs have been 
provided to create and assemble the tables, to examine and edit the tables, and to use 
the tables to provide estimates of apparent relative quantum yields of damage 
production in the films. Other programs allow the evidence for degradation/damage 
to be examined and the quantum yields to be compared in ways that make sense to 
the analyst. 

Processing the data for a single specimen once the data tables have been assembled 
takes about 20 seconds on a 300 MHz PC even when all data are used. A batch of 
specimens comprising one set of exposures typically consists of 88 specimens. The 
entire batch of specimens can therefore be processai in 30 minutes or less. It is 
feasible and desirable to add each set of new data to the database tables as soon as it 
has been measured and rerun the calculations to assess whether a suitable stopping 
point has been reached or whether something unexpected is happening. The new 
data gathered at each stage of the investigation are spectra from the lamps, filters 
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and specimens. It may take half a day to measure the spectra at each intermediate 
stage. It may take another hour to add them to the spectral tables including setting 
up the procedure, which then proceeds automatically. Rerunning the calculations 
requires specifying and reading in an initialization file and clicking on a couple of 
buttons in the program interface. The calculations take up to about 30 minutes per 
set of 90 specimens. The entire process, including spectral measurements, takes 
significantly less than a day and, given that the exposure period is typically 3 
months, is in this sense essentially real-time. 
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Chapter 21 

A First Step toward Photorealistic Rendering 
of Coated Surfaces and Computer-Based Standards 

of Appearance 
Fern Y. Hunt1, Egon Marx1, Gary W. Meyer2, Theodore V. Vorburger1, 

Peter A. Walker2, and Harold B. Westlund2 

1National Institute of Standards and Technology, 100 Bureau Drive, 
Gaithersburg, MD 20899 

2Department of Computer and Information Science, University of Oregon, 
Eugene, OR 97403 

In an effort to understand the physical basis for coating and 
surface appearance we are combining the results of optical 
and surface topographical measurements, mathematical 
modeling and computer graphic rendering. We seek to 
explore the feasibility of producing computer graphic images 
to visualize the color and gloss of surfaces using measured 
data and models so that rendering becomes a tool to identify 
important parameters in the material formulation process that 
contribute to appearance. Here we report on a study of gloss 
variation in a series of samples with controlled roughness. 
The work makes use of the sample preparation, 
characterization and measurement described in [3]. Modeling 
based on that data was used to produce computer graphic 
images of the samples. We also briefly describe work on the 
rendering of data from some early measurements of colored 
metallic paint. 

U.S. government work. Published 2002 American Chemical Society 437 
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Goals and General Description of the NIST Appearance 
Project 

As advances in material science and technology have enhanced the 
ability to manufacture coatings that are exciting and attractive in 
appearance, customer expectations for these products have increased 
and with this the challenge of characterizing and predicting appearance 
at the coatings formulation level. The ability to do this will require a much 
better understanding of the microstructural basis for coating appearance 
and the development of tools that can be used to firstly to identify 
important parameters in the formulation process that contribute to a 
desired appearance and secondly allow designers to visualize the 
surface appearance of a proposed formulation as part of a virtual 
formulation and manufacturing process. The ability to view a virtual end 
stage product will eventually pave the way to a computer graphics based 
standard for appearance. This is the vision guiding an ongoing project at 
the National Institute of Standards and Technology. The project was 
initiated in response to recommendations by industry [1], and the Council 
of Optical Radiation Measurements [2] and its purpose is to apply the 
technical advances in microstructural analysis, optical metrology, mathe
matical modeling and computer graphic rendering to the development of 
more accurate methods of modeling and predicting the appearance of 
coatings and coated objects. The specific research goals are: 

• Develop advanced textural, spectral and reflectance metrologies 
and models for quantifying light scattering from a coating and its 
constituents and use the resulting measurements to generate 
scattering maps and validate physical models describing optical 
scattering from a coating and the relationship that the scattering 
maps have to the appearance of a coated object 

• Integrate measurements and models in making a virtual repre
sentation of the appearance of a coating system that can be 
used as a design tool capable of accurately predicting the ap
pearance properties of coated objects from the optical properties 
of its constituents. 

In this paper we will discuss our progress towards these goals 
through our investigation of a special case - that of gloss in a black glass 
sample with a topcoat of clear epoxy. In the course of this discussion we 
will illustrate the issues involved in achieving them. 
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Reflectance and Topographical Measurements of Coated 
Epoxy Samples of Varying Roughness 

Sample Preparation 

The samples used in this study were made of a clear epoxy coating 
on a base of black glass. As detailed in [3], the samples had a controlled 
degree of rms roughness varying from 3 nm to 805 nm . The sample 
preparation procedure except for the smoothest case began with a mold 
made of a square steel panel with rms roughness -1 μητι. A new mold 
with the desired degree of roughness was created from the base mold by 
a spin coating procedure that applied varying amounts of a surface-
modifying polymer to the base material. Roughness decreased as the 
thickness of the polymer coat increased. The mold was used to create 
the epoxy sample. See [3] for more details and discussion. Although the 
assumption of sample isotropy was not needed in the calculations, the 
optical reflectance of the sample was compared with measurements of a 
rotated sample . The differences were not large and this remained true 
for reflectances obtained from topographical measurements as well. 

Optical Scattering and Surface Topographical Measurements 

Optical measurements and surface topographical measurements 
were performed on each of the samples. To understand the nature of the 
optical measurement it will be helpful to review some definitions. We can 
assume a ray of light is incident on a sample surface that lies in the x-y 
plane. If the z-axis is considered to be the normal direction, the direction 
of the incident ray can be taken to be (6>,0) where 6i is the angle 
between the ray and the z-axis and 0 is the value of the azimuthal angle. 
If the direction of a scattered ray is defined by the angles (θ„φΛ ), where 
0S is the angle between the ray and the normal direction ζ and φΛ is the 
azimuthal angle, then the bidirectional distribution function (BRDF) can 
be defined as: 

differential radiance 
oKJJr = 

differential irradiance 
Here the irradiance is the light flux (in watts) incident on surface per unit 
illuminated surface area.The radiance is the light flux scattered through a 
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solid differential angle per unit of illuminated surface area and per unit of 
projected solid angle [4]. If the solid angle is Ω 4 the projected solid 
angle is Q^gpos^). In general terms, the BRDF gives the fraction of inci
dent light reaching a surface from a given direction that is reflected in a 
specific outgoing direction. Arguments in [4] show that for an isotropic 
surface we can make the following approximations, 

where Pl and Ps are incident and scattered light fluxes. The actual 
quantity measured by the optical instruments is called the reflectance ρ 
the ratio of the fluxes, where 

In-plane measurements (i.e. φ. =φχ=0) were performed on each of 
the samples and a black glass replica (included for comparison), using 
the NIST spectral tri-function automated reference reflectometer 
(STARR) [3]. Incident light had varying wavelengths in the visible 
spectrum 500 nm, 550 nm, and 600 nm for incident angles of 20 
degrees, 45 degrees, 60 degrees, and 70 degrees and scattering or 
viewing angles ranged from -75 degrees to 75 degrees in steps of 1 
degree. These measurements formed the basis for comparison to 
computations of the sample reflectance that were based on 
topographical data i.e. measurements of the surface height that were 
obtained by interferometric microscopy. See [3] for details of the 
procedures used. 

Light Scattering Calculations and Comparison with Optical 
Measurements 

Calculations of the surface reflectance based on surface topo
graphical measurements were done in two ways. The first uses the 
Kirchhoff approximation of the solution of the wave equation as 
developed by P.Beckmann [10]. The second approach- the ray method-
is based on the assumption that incident light is specularly reflected by 

BRDF; 

dR 

/ Î 008(0,)· i>COS(é?¥) 
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the local tangent plane. The results of reflectance computations using 
the two methods were compared to measurements carried out with 
STARR. The agreement, as shown in Figures 1 and 2, for the rough and 
smooth samples was good, demonstrating the adequacy of the 
approximations used in the ray method. In addition, its implementation 
was also computationally efficient enough to generate the large number 
of incident directions and scattering intensities required to determine a 
BRDF suitable for a rendering program. We will therefore briefly describe 
some of its details and follow it with a brief description of the Kirchhoff 
method. 

The Ray Method 

A surface topography map of a rectangular patch was obtained using 
an interferometric microscope. The ζ or height coordinate was deter
mined for a grid of x- and y-coordinates to represent the sample surface. 
The local normal to the surface was computed either by fitting a cubic 
spline to the data or from a tangent plane through an interior point; the 
method used made little difference for the scattered intensity [3]. The 
approximate tangent plane was obtained by a least-squares fit of a plane 
through an interior point by minimizing the sum of the squares of the 
distances to that plane from the eight nearest neighbors. Once the local 
unit normal h is determined, the wave vector of the incident ray k} can 
be decomposed into the sum of a component along the local normal and 
a perpendicular component. 

r r r r 
kt = ki - hh + (fy - kt · fin). 

r r 
The wave vector specularly reflected ray ks is in the plane defined by k} 

and h and it is obtained by simply changing the sign of the component of 
kj along η, that is, 

r r r 
ks = ki - 2ki · hh. 

r r r 2 r 2 Therefore the magnitudes of k. and ks are the same, that is, ks = kt . 
Dividing by the common magnitude, we obtain the corresponding rela
tionship between unit vectors, 

A A Λ 

ks = ki - 2kt - hh. 
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Figure 1. Comparison of measured and computed intensity distributions 
for the rough sample. 
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Figure 2. Comparison of measured and computed intensity distributions 
for the smooth sample. 
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For each direction of incidence, uniform illumination is simulated by 
computing a reflected ray at each of the interior points. We further 
assume that a number of detectors are located at various positions to 
measure the intensity of scattered light. The position of each detector is 
defined by a unit vector r} and its aperture by the half-angle a. The 
angle β between the direction of the /th detector and a reflected ray can 
be determined from 

A 

cos β = ks-fj. 

The scattered ray reaches the detector and a "hit" is recorded if α < β, 
i.e., if οοεβ > cosa. 

The number of detector "hits" is proportional to the radiance (watts/sr) 
in that scattering direction for the given incident direction. The unnor-
malized BRDF can be estimated by dividing the computed intensity by 
cosOs. For the comparison with optical measurements, α was taken to 
be 1.4 degrees, the half angle of the aperture of the STARR. When this 
procedure was used for the rendering program, 0.2 degrees was used, 
based on an estimate of the half angle for a detector representing the 
human eye. 

The Kirchhoff approximation 

This approximation of the solution of the scalar wave equation 
corresponds to a field that is equal to the incident field plus the field 
reflected by the local tangent plane to the surface in the illuminated 
region and that vanishes outside this region [3]. A calculation of the 
phase integral uses the same surface topography map used for the ray 
approximation, interpolated by a two-dimensional spline function to 
obtain the surface at about ten points per wavelength. The assumptions 
used in the Kirchhoff approximation lead to jump discontinuities on the 
boundary of the illuminated region, which causes the solution to oscillate 
and vanish like a sine function for a flat illuminated surface. To avoid the 
difficulties with discontinuities at the edge of the illuminated region, a 
windowing function is introduced in the resulting phase integral. We 
have found that a good windowing is a smooth function that vanishes 
outside a finite region based on the test function used by Schwartz in his 
theory of distributions [3]. 
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Figure 3. Phong reflection model 
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Computer Graphic Rendering 

Rendering is the creation of a synthetic image based on information 
about the scattering and reflection of light. The specific requirements for 
rendering a scene are: 

• A geometric description of objects in the scene 
• The location and strength of light sources in the scene 
• A description of how surfaces in the scene reflect incident light as 

provided by the BRDF or other angle dependent scattering function. 
• The location of a detector or observer's viewpoint. 

There are therefore three basic steps in the creation of a computer 
graphic picture. First the size, shape, and position of the objects in the 
scene must be defined. Next the light reflection properties of all surfaces 
must be specified, and the location of the illumination sources in the 
environment must be given. Finally, a local reflection model is used to 
determine the color of each surface point, each point is projected onto 
the picture plane, and the color of the surface location is stored into the 
appropriate position of the image raster. When each picture element 
(pixel) has been computed, the image is complete. 

The model that is used to characterize light reflection from an object's 
surface determines the appearance of each object in the scene. There 
are many parameterized light reflection models that have been 
developed for use in computer graphic rendering (see e.g. [3]). As 
shown in Figure 3, most of these models have a general diffuse 
component and a specular lobe in the mirror direction. The entire 
reflection distribution is usually a linear combination of the diffuse and 
specular portions, and the shape of the diffuse and specular parts is 
controlled parametrically. These models have been extended to include 
such effects as anisotropic reflection (Figure 4), polarization, and Fresnel 
effects. 

Allowing for variation with wavelength, the BRDF allows a completely 
general specification of surface reflection. However, in the context of 
image synthesis, the use of the BRDF makes it more difficult to compute 
the color of each point on an object's surface. To achieve a realistic 
approximation of the reflectance from any differential surface patch, all 
light impinging on a patch must be gathered. The gathered irradiance is 
then scaled by the magnitude of the BRDF in the viewing direction (the 
solid angle leading back to either the eye or the image plane). Of course 
it would be impossible to sample all incident directions, so a reasonable 
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approximation is achieved by stochastic sampling. A discrete number of 
rays is cast, each of which is scaled by the magnitude of the BRDF in its 
particular direction. Then the results are integrated. Increasing the 
sampling of the BRDF improves the accuracy of the approximation. The 
technique of stochastically sampling the BRDF is known as Monte Carlo 
sampling. By reciprocity, one could equally well sample reflecting 
directions from a surface patch instead of incident directions. 

We have developed an efficient method of performing this Monte 
Carlo integration. Instead of casting rays in a uniform distribution about 
the hemisphere and weighting the returned value by the reflectance, the 
ray distribution itself is weighted by the reflectance. This can be done in 
a straightforward manner when the BRDF is composed of invertible 
functions such as Gaussians. When the BRDF is represented discretely, 
either by taking measurements over the hemisphere or by sampling a 
non-invertible functional form, another method must be used to generate 
random variâtes for Monte Carlo integration. This can be accomplished 
by first subtracting the smallest hemisphere that fits within the BRDF 
data. This removes the diffuse or uniformly varying portion of the BRDF 
and leaves only the highly directional specular part. The alias selection 
method [7] can be employed to create random variâtes from these 
remaining specular reflectances. 

This Monte Carlo integration scheme has been implemented using 
the public domain Radiance rendering program [9]. Radiance was 
designed to facilitate illumination engineering studies and tests have 
shown that it provides radiometrically correct global lighting simulations. 
Accurate Radiance surface reflection calculations however, are limited to 
reflection distributions that can be approximated using the Ward model 
built into the program [8]. To handle general BRDF data that might only 
be available as discrete measurements or that may have been 
approximated using a non-invertible function it was necessary to extend 
the shading capability of the program. This was accomplished by 
developing the iBRDF shader that utilizes the efficient Monte Carlo inte
gration technique described in the preceding paragraph. 

Computer Graphic Images From Spectral and Reflectance data 

To create photorealistic pictures of coated surfaces, a synthetic image 
must accurately depict both the spectral and spatial distribution of the 
light reflected from a surface. Therefore, to test the rendering capability 
of the iBRDF shader, BRDF data with primarily spectral or spatial 
variation was employed. The spectral data was obtained from a metallic 
paint and the spatial data from the coated epoxy samples discussed 
earlier in the paper. 
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Figure 5. Synthetic image made using iBRDF extension to RADIANCE 
software and spectrogoniophotometric data from referenceô. 
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J.G. Davidson made one of the earliest attempts to completely charac
terize the BRDF of metallic paints. He constructed a spectrogoni-
ophotometer and he used it to make complete in plane reflectance 
measurements for a sequence of incident light directions. This was 
repeated for several different metallic paint speciments. Figure 5 was 
synthesized using the data that Davidson published in his PhD 
dissertation [5]. To make these pictures, the spectral data in Davidson's 
tables were reduced to CIE tristimulus values. Then a smoothing 
interpolation function was fitted and the interpolated data was re-
sampled. The Monte Carlo integration technique described above was 
then used to turn the re-sampled data into random variâtes and the 
image in Figure 5 was created. 

To make pictures of the coated epoxy samples a reflectance model 
based on the Ray method, provided BRDF values that were used to 
produce the images depicted in Figure 6. The model used surface topo
graphical data from coated epoxy samples with roughness values 201 
nm (smooth) and 805 nm (rough) respectively. The model offered 
enough ease of computation so that sufficient number of BRDF values 
for incident and outgoing directions were generated. The BRDF data was 
converted into random variâtes by the iBRDF shader and then the 
RADIANCE software was used to perform a Monte Carlo simulation and 
the image in Figure 6 was created. Thus we have demonstrated a direct 
link between the material properties of the coated epoxy sample and its 
predicted appearance. 

Conclusions and Future Work 

We presented the results of a study of the relationship between 
surface topography and rendered appearance for an isotropic sample of 
coated epoxy. Previous work shows good agreement between in-plane 
optical reflectance measurements and values of the reflectance 
predicted by a geometric reflectance model. The latter was used in 
iBRDF, an enhancement of the rendering program RADIANCE and an 
image was created by a Monte Carlo sampling procedure. Spectral data 
for metallic paints obtained by J.G. Davidson, was also used in iBRDF to 
obtain renderings of colored metallic painted objects. 

As we turn our attention to more complex materials such as metallic 
and pearlescent coatings, the challenge will be to develop optical 
reflectance models that adequately capture their appearance effects and 
retain enough computational efficiency to be suitable for use in rendering 
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programs. At the same time, we need to gain a better understanding of 
the role of out of plane measurements and of the optical properties of 
materials that display subsurface scattering. We can only hope to make 
partial progress on these difficult issues but the rapid advances in optical 
metrology, modeling and computer graphics make it likely that the 
prediction and computer design of coated objects will become a reality in 
the near future. 
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Chapter 22 

Computer Simulations of the Conformational 
Preference of 3' Substituents in 2-(2'-Hydroxyphenyl) 

Benzotriazole UV Absorbers 
Correlation with UVA Photopermanence in Coatings 

A. D. DeBellis, R. Iyengar, N. A. Kaprinidis, R. K. Rodebaugh, 
and J. Suhadolnik 

Ciba Specialty Chemicals, Additives Division Research Department, 540 White Plains Road, 
Tarrytown, NY 10591-9005 

Derivatives of 2-(2'-hydroxyphenyl) benzotriazole (BZT) are 
widely used in the coatings industry as effective UV stabilizers. 
Many commercial stabilizers in this class contain a substituent ortho 
to the phenolic hydroxyl group. This substitution serves to 
sterically protect the hydroxyl substituent, which is the structural 
feature responsible for the photostability of the molecule. A 
rotamer of BZTs, in which the intramolecular hydrogen-bond has 
been disrupted, has been implicated in its photodegradation, which 
occurs in basic, highly polar media. The existence of this form in 
ortho-unsubstituted BZTs can be detected spectroscopically by 
differences in both the absorption and emission spectra of the 
chromophore. Unfortunately, very small spectroscopic differences 
are seen in differently ortho-substituted BZTs. This contrasts the 
differences in photostability observed in polar media. As a result, 
the quantitative use of absorption and fluorescence spectroscopy in 
the search for more photostable BZTs is precluded. In this work, 
the superior photostability of a 3'-alpha-cumyl substituted BZT is 
rationalized in terms of the pronounced conformational preference 
of this group, first suggested from the results of molecular dynamics 
(MD) simulations. This result is supported by both solution NMR 
and solid-state x-ray crystallographic data. In addition, predictions 
made from the results of further MD runs on the photostability of a 
differently substituted compound have been experimentally 
confirmed via loss rate measurements in weathered automotive 
clearcoats. 

© 2002 American Chemical Society 453 
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Introduction 

The service lifetime of an organic coating can be dramatically extended through 
the use of an appropriately selected stabilization system (1). In virtually all cases, 
especially involving outdoor applications, stabilization involves the incorporation of 
ultraviolet light absorbers (UVAs) into the coating formulation. The absorption of 
light by these chromophores provides a protective screening effect to the system being 
stabilized. It is well established that the screening of incident radiation is the primary 
stabilization mechanism by which UVAs function, although additional stabilization 
mechanisms, which involve energy transfer, have been suggested (2-4). Aside from 
suitable secondary properties (e.g. compatibility, color, etc.), and in addition to having 
high absorptivity at the appropriate wavelengths (those to which the substrate is 
sensitive), a fundamental requirement of a UVA stabilizer is to possess the ability to 
absorb radiative energy without substantially undergoing photodegradation itself. If 
this were to happen, the stabilizer would eventually be depleted to a level which is not 
effective in stabilizing the system, resulting in premature coating failure. Thus the 
longevity (as measured in terms of physical property retention) of a formulated 
coating system will, in general, depend upon the photostability of the UVA used in the 
formulation. 

UVAs based on the 2-(2,-hydroxyphenyl) benzotriazole (BTZ) chromophore 
fulfill the above mentioned requirements in a number of ways. They can be 
derivatized to provide compatibility in a number of different polymeric substrates. 
Their high extinction (typical ε « 16-20,000 liter/mol-cm at A™ax) extends to around 
370 nm, just short of the visible range, which provides maximal wavelength coverage 
without imparting color to the substrate. In their electronic ground state at 70°C, they 
have been shown to be unreactive with thermally generated free radicals, both in the 
presence and absence of oxygen (5). This finding suggests that BZT UVAs would be 
unreactive in their ground state with radical species which may be generated in the 
photodecomposition of a coating system. As a result of an excited-state 
intramolecular proton transfer (ESIPT) process, the excited state of BZT UVAs 
possess a very efficient pathway for the dissipation of radiant energy via internal 
conversion. Interestingly, Estévez et al (6) have suggested the potential role of a 
conical intersection in the deactivation process. An important manifestation of these 
processes lies in the extremely short excited state lifetime, which is on the order of 1 
picosecond (7). As a result, the reactivity of this potentially sensitive species is 
negligible by virtue of its short lifetime. Quite surprisingly, in actual practice, a small 
but finite amount of photoloss can be observed in spite of the above mentioned 
properties (8-11). Furthermore, as the quantum yield for photoloss cpioss is typically on 
the order of 10"6 or 10"7 (12), small absolute differences in loss rates can have a 
measurable impact on coating service life. 

Valuable information about the photoloss has been obtained by the elegant work 
of several authors (5,12-14). Their investigations have led to a number of suggestions 
regarding the important aspects of the process. To a greater or lesser extent, all 
workers have essentially implicated a form of the UVA in which the intramolecular H-
bond has been disrupted. Figure 1 depicts the equilibrium involved, in which the 
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α: Ν 
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.•ΗΟ Η 
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planar form non-planar form 

Figure L Rotomeric equilibrium between planar and non-planar form of BZT UVAs. 

intramolecular Η-bond of the planar form has been replaced by an intermolecular Hi-
bond to a solvent molecule or the polymeric matrix. Gerlock et al have suggested a 
reaction of the excited state of this form with free radicals generated in the coating 
matrix. Their conclusion was based on the finding that UV light, oxygen, free 
radicals, and a polar matrix are all necessary to effect a loss of UVA (5). Turro et al 
report the detection of the corresponding phenoxide ion of Tinuvin® Ρ (a BZT UVA) 
in the strongly Η-bond accepting solvent DMSO, using laser flash photolysis 
experiments (13). In addition, these authors have determined the fluorescence lifetime 
of the excited singlet of Tinuvin® Ρ in argon purged DMSO to be less than 20 
nanoseconds at room temperature. Port et al have measured this lifetime more 
precisely and have reported it to be 170 picoseconds (7). Under Turro's conditions, 
even the triplet was tentatively assigned a lifetime of only 130 nanoseconds. Subject 
to the same conditions, the lifetime of the phenolate was reported to be approximately 
80 microseconds, a factor of greater than 4000 longer than the Η-bond disrupted 
singlet. Catalan et al have reported on the facile oxidation of the phenolate ion of 
Tinuvin® Ρ by singlet oxygen (12). Given this information, Turro et al have argued 
that the phenolate is a more likely source of irreversible photochemistry because of 
the short excited singlet and triplet lifetimes of Tinuvin® Ρ in DMSO. In any event, 
all authors agree that a key structure involved in the photoloss is the non-planar, H-
bond disrupted form of the UVA, it being a common intermediate in all proposed 
mechanisms. As such, we have focused our attention on this intermediate, and on 
ways to reduce phenoxide formation in a effort to design more robust UVAs. The 
present work attempts to outline these efforts and to offer a rationalization of the 
photopermanence behavior of some structurally varied BZT UVAs. 

Clearcoat Preparation 
Acrylic melamine clearcoats were prepared from a 6 to 4 mixture of an 

experimental acrylic polyol and hexamethoxymethyl melamine (Resimene® 747, 
Solutia), to which was added 0.25% of a flow modifier (Modaflow®, Solutia) and 
0.7% dodecylbenzene sulfonic acid (Nacure® 5225, King Industries). The viscosity 
was then reduced with xylene for spin coating onto quartz discs to give a coating 
thickness near 50 microns. UVAs were incorporated at typically 1-3% followed by 

Experimental 
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addition of 1% of a hindered amine light stabilizer (Tinuvin® 123, Ciba). The 
coatings were then cured by heating at 127° C for 30 minutes. 

UV Absorbers 
All UVAs were synthesized and purified by the Synthetic Research Department 

of the Additives Division of Ciba Specialty Chemicals, Tarrytown, NY. 

Loss Rate Determination 
Loss rates were determined by plotting the intensity of the UVAs long wavelength 

absorption near 345nm as a function of exposure time. The data were analyzed using 
the method of Iyengar and Schellenberg (11). The coatings were exposed in an Atlas 
Ci65 Xenon Arc Weatherometer run at 0.55 W/m2 irradiance at 340nm using both 
inner and outer borosilicate Type S filters. Automotive Exterior Cycle SAE J1960 
was used for all experiments. 

UV-Vis and Fluorescence Spectra 
All solution spectra were measured in a l x l cm quartz cell. Coatings spectra were 

taken either on free-standing films or spin-coated quartz discs. The film thickness was 
typically near 50 microns. UV-Vis spectra were determined on a Perkin Elmer 
Lambda-2 spectrometer with 2 nm resolution. The UVA concentrations were 
typically 20mg/ml in solution and near 1 % (by weight) in coatings. Fluorescence 
spectra were measured with a Spex FluoroMax-2 spectrometer. The concentration 
and/or film thickness for all fluorescence samples were such that the optical density 
was near 0.3 at the excitation wavelength of 330 nm. 

Calculations 
All software was run on an IBM RS/6000 model 35T computer. Molecular 

mechanics and Monte Carlo/stochastic dynamics were performed using MacroModel 
Version 5.0 (28). Ab initio calculations were done using Spartan Version 4.0 (29). 

NMR Spectra 
Proton NMR spectra were recorded at room temperature on a Varian UNITY 500 

spectrometer using dilute CDC13 solutions. Chemical shifts are reported relative to 
TMS, where a positive shift is downfield from the standard. The identity of the 
aromatic methoxy signal was established in each case by observation of the 1JQ-H 
coupling, via the 1 3 C satellite sidebands, or by difference NOE experiments. 

Crystal Structure Determination 
A Philips PW 1100 automatic diffractometer was used for data collection with 

Mo Κα radiation and a graphite monochromator. The structure was solved by direct 
methods (SHELXS-86). Parameters were refined by full-matrix least-squares 
techniques (SHELXL-93) with anisotropic displacement parameters for all non-
hydrogen atoms. Most hydrogen atoms were located in difference electron density 
maps, the remaining ones calculated assuming standard geometry. 
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back Η-transfer 

4 
300 nm 638 nm 

Figure 2. Jablonski diagram and spectral characteristics of the planar form of BZT 
UVAs. 

Results and Discussion 

Correlation of Absorption and Emission Spectra with Photostability 

As mentioned previously, BZT UVAs exist in an equilibrium between a planar 
and a non-planar form, as illustrated in Figure 1. The position of this equilibrium 
depends upon the polarity and Η-bonding ability of the medium in which the UVA is 
immersed. The two forms of the UVA exhibit very different photophysical behavior 
(7), which can be rationalized with reference to Figures 2 and 3. The planar form of 
the UVA, with the intramolecular Η-bond intact, absorbs at around 300 and 345 nm in 
the UV-Vis spectrum. The long wavelength absorption is attributed to the co-
planarity of the two pi systems. This band can be removed from the spectrum via O-
methylation of the phenolic hydroxyl group which, in the solid state, has been 
observed to rotate one ring by approximately 55° with respect to the other (15). The 
absorption at 300 nm is attributed solely to the benzotriazole nucleus. If the H-bond 
remains intact, the molecule can participate in the ESIPT mechanism. Furthermore, as 
a consequence of the ultrafast kinetics of this process, the planar form is not generally 
luminescent. Only under very specific conditions of low temperature and restrictive 
molecular environments can a red fluorescence, with very low quantum yield, be 
detected at around 640 nm (16,17). The large Stokes shift relative to the absorption is 
indicative of emission from the proton-transferred form of the molecule. More 
recently, this fluorescence has been detected at room temperature in 
tetrachloroethylene solution and polystyrene films using sophisticated time-resolved 
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spectral techniques (7). Obviously, efficient non-radiative pathways dominate the 
excited-state relaxation of this form and the molecule can therefore function as an 
effective UV stabilizer. In contrast, the non-planar form exhibits emissions in the red 
and blue regions of the visible spectrum as a result of the disrupted Η-bond. The blue 
fluorescence, at around 430 nm, arises because radiative deactivation now becomes a 
competitive pathway for relaxation whereas previously, the radiative rate was too slow 
relative to the rate of proton transfer. This blue emission has been used as a sensitive 
diagnostic to detect the presence of the non-planar form. Additionally, a structured 
red phosphorescence (most intense peak around 540 nm) can also be detected as a 
result of intersystem crossing which is now competitive with fluorescent emission. 

Substitution proximate to the BZT phenolic hydroxyl can have a significant effect 
on the spectroscopic properties of the chromophore. Catalan et al have reported the 
dramatic effect of a 3' tert-butyl substituent on the solvent dependence of the 
absorption spectrum (18). Turro et al have shown an analogous effect on the 430 nm 
fluorescent emission utilizing a 3'-alpha-cumyl substituent (13). Both effects arise as 
a result of steric "protection" of the critical intramolecular Η-bond as was suggested 
by Heller (19). Given the above information, one might reasonably suggest the 
utilization of the absorption and emission spectra in the molecular design of more 
robust BZT UVAs, through a systematic variation of 3' substituents. Increased 
photostability should correlate with a decreased solvent dependence of the absorption 
spectrum and a decreased fluorescent emission at 430nm. Unfortunately, the 
dependence of the photostability of the UVA on the spectroscopic effects of 3' 
substitution is highly non-linear. This can be seen through inspection of Tables I and 

x s = 170ps S 1 

E T =60kcal/mol 

τ γ = 0.58s 
T i (etoh/meoh @ 90K) 

τ γ = 130 ns 
(DMSO @ 300K) 

s phosphorescence 

absorption 
300 nm 

"blue" emission 
430 nm 

phosphorescence 
570 nm 

Figure 3. Jablonski diagram and spectral characteristics of the non-planar form of 
BZT UVAs. 
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Table I. Ratio of the long to short wavelength absorption intensity for 3' 
substituted BZT UVAs in various solvents. 

3 'substituent Hexane 
Ethyl 

Acetate DMSO Percent Decrease 

-H ΙΛΤ 0.65 42% 

-tert-butyl 1.16 1.03 11% 

-oc-cumyl 1.08 1.00 0.89 18%, 11% 

a-methyl-benzyl 0.99 0.86 13% 

0 cyclohexane 

II and Figure 4. In Tables I and II it can be seen that each substituent has 
approximately the same effect on reducing the solvent dependence of the absorption 
spectrum, in spite of the fact that each compound exhibits a significantly different rate 
of loss. Furthermore, regardless of 3' substitution, the ratio of the intensity of the long 
to short wavelength absorption of BZT UVAs is virtually unaffected by incorporation 
into model acrylic melamine clearcoats. The results reported in Table II have been 
obtained on multiple photolysis experiments and were analyzed using the method of 
Iyengar and Schellenberg (20), which is analogous to Pickett's "infinite absorption" 
zero order kinetic scheme (21). The corresponding effect in emission is illustrated in 
Figure 4. Fluorescence spectra of BZT UVAs obtained from a model acrylic 
melamine clearcoat system show that a significant emission is only obtained with 3'-
unsubstituted compounds. The slightly greater emission observed for the 3'~cumyl 
substituted compound versus the 3'-tert-butyl is just the opposite of what would be 
expected based on the photopermanence data. The difference here might arise as a 
result of the low signal-to-noise ratio of the instrument in the very low intensity 
region. These facts illustrate the difficulties in using the UV-Vis absorption and 
emission data as quantitative tools in the search for more photopermanent BZT UVAs. 
As a result, computational modeling along with structural information from NMR 
spectroscopy and x-ray crystallography were brought to bear in an attempt to 
rationalize differences in photopermanence behavior for these systems. 

Table II. Relative loss rates for 3'-substituted BZT UVAs in a model acrylic 
melamine clearcoat subjected to accelerated weathering. 

3 '-substituent Relative loss rate 

-H 1.00 

-tert-butyl 0.37 

-a-cumyl 0.24 

a-methyl-benzyl 0.30 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

02
2

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



460 

400 450 500 550 
Wavelength (nm) 

Figure 4. Fluorescence emission spectra of BZT UVAs in a model acrylic melamine 
clearcoat 

Computational Results 

Consistent with our present level of understanding about these compounds, we 
can rationalize the superior photostability of BZT UVAs containing the S'-a-cumyl 
substitution in terms of a further shifting (relative to tert-butyl) of the operative 
equilibrium towards the intramolecular Η-bonded form in a coating matrix. The 
results from the UV-Vis solution spectra seem to indicate trends in photopermanence 
behavior in coatings but do not provide a truly quantitative discrimination between 
structures. In general, there is no fundamental reason to expect a quantitative 
correlation between solution and in-coating behavior. In fact specific interactions, 
which may exist in either medium, would argue against such a relationship. 
Furthermore, the total response to changes in solvent may occur through multiple 
mechanisms, which may also be substituent dependent. Ghiggino et al (22) have used 
principal component analysis to resolve the absorption spectrum of Tinuvin® Ρ and 5-
sulfonated Tinuvin® Ρ into separate components due to the planar and non-planar 
forms. Their results show that each form makes significant contributions to both the 
long and short wavelength absorptions (i.e. the resolved spectra overlap significantly), 
and the relative contribution that each form makes to either absorption is a function of 
substitution. Using Ghiggino's data for Tinuvin® P, we calculate a 4% decrease in 
the long to short wavelength absorbance ratio upon halving the nonplanar 
concentration from 8% to 4%. A similar calculation, keeping the nonplanar 
concentration constant at 8%, yields a 7% decrease in this ratio upon 5-sulfonation. 
This illustrates that substituents can affect this ratio via alternate mechanisms (in 
addition to affecting the equilibrium concentration of the nonplanar form) and the 
magnitude of these effects can be comparable to the concentration effect. 
Furthermore, when considering the emission spectra, we must note that variations in 
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Α Β 
Figure 5. Relevant conformations of the model compound 2- a~cumyl phenol 

quantum yields among differently substituted BZTs (e.g. the top two spectra in Figure 
4), as well as the low emission intensity at 430 nm (for 3'-substituted BZTs), 
contribute to making the fluorescence data non-quantitative. In light of the above 
arguments, we suggest that gross comparisons are possible and useful, but a truly 
quantitative discrimination is precluded. 

Operating with the above assumption, we proceeded to investigate the 
conformation of the α-cumyl group in these systems. In the model compound, 2-a-
cumyl phenol, the cumyl substituent can exist in only two distinct, stable 
conformations. These are illustrated in Figure 5. It is understood that each 
conformation has an equivalent contributing enantiomeric structure. In conformation 
A, the local environment of the hydroxyl group is identical to that induced with an 
ortho tert-butyl substituent. Conversely, conformation Β places a phenyl ring in close 
proximity to the hydroxyl. This conformational aptitude may potentially provide a 
degree of steric "shielding" to the hydroxy group, provided that this conformer of the 
molecule is sufficiently populated. To investigate the stability of this form we 
performed energy optimizations starting from each conformer of the model compound 
using various molecular mechanics and molecular orbital methods. The results of 
these calculations are given in Table III. It can be seen that for all methods conformer 
Β is most stable by at least 0.9 kcal/mol. Interestingly, the solvent-accessible surface 
area of the hydroxyl group, which provides a measure of accessibility, is reduced by 
20% in the most stable conformation. 

Table III. Relative stability of conformers of 2-oc-cumyl phenol calculated by 
various methods. 

Conformer Amber*a MM2 *a MM3^ HF/6-31G(df 

A 11.58 17.13 17.44 -652.192056 

Β 9.74 15.97 16.56 -652.194905 

E(A)-E(B)a 1.8 1.2 0.9 1.79 

a in kcal/mol b in hartrees, not corrected for zero-point energy or temperature 
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The results of Table III apply strictly only to motionless, non-vibrating, isolated 
molecules at zero K. Furthermore, the results are for the model compound, not for a 
full BZT UVA structure. Therefore, in an attempt to perform more realistic 
calculations, molecular dynamics simulations were initiated. In various ways, the 
dynamics simulations account for finite temperature, molecular vibrations, solvent, 
and conformational entropy, both in terms of the number of equivalent conformers, as 
well as the width of the conformational potential energy well. In addition, the 
simulations were performed on structure 1 (see Figure 6), which is more similar to the 
full UVA structure (1 contains the benzotriazole group) after a proper parametrization 
of the intramolecular potentials. The primary difference between the studied structure 
and a BZT UVA was in the substitution of a methoxy group for the phenolic hydroxyl. 
This has the effect of rendering the molecule non-planar, and was done to assist in the 
comparison to and utilization of NMR data, as will be outlined in the next section. 
We used chloroform as the simulated solvent within the GB/SA model (23), and 
applied the Monte Carlo/stochastic dynamics scheme (24) at 300 Κ using the Amber* 
force field. The details of the simulation work have been previously published (25), 
so we will only summarize the results here. Figure 6 displays a histogram of the 
substituent phenyl C(ipso) to methoxy oxygen distance sampled every 20 picoseconds 
during the 14.5 ns dynamics simulation. The intense peak near 3.0 Â is due to the 
enhanced population of a conformation analogous to Β in the model compound (2-a-
cumyl phenol). The small population of the conformation analogous to A can be seen 
from the peaks at 3.9 Â and above. The preference for the hydroxyl-"shielded" 
conformation is quite pronounced. Integration of the peaks yields a ratio in excess of 
95:5 in favor of the shielded conformation. 

Molecular dynamics simulations were also performed on structure 2, a slight 
modification of 1, in which one of the cumyl group methyls has been replaced by 

250 τ , 

O-C Distance (Angstroms) 

Figure 6. Histogram of substituent phenyl Qipso)-O(methoxy) distance for 2~(2'-
methoxy-3*- a-cumylphenyl) benzotriazole. The dynamics were run for 14.5 ns. The 
structure was sampled every 20 ps during the simulation. (Reproduced with permission 
from reference 16. Copyright 1997 John Wiley & Sons, Ltd.) 
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hydrogen (an α-methyl-benzyl substituent). This slight modification has a dramatic 
effect on the results of the molecular dynamics, shown in Figure 7. In this compound, 
there is a preference for the conformation similar to conformation A of Figure 5, 
which places the phenyl ring in a more distant position relative to the oxygen atom. 
Based upon these results, one would predict a greater rate of loss for BZT UVAs 
similar to 2, relative to those similar to 1. This behavior has been experimentally 
confirmed, as can be seen in Table 2. 

NMR Results 

Proton NMR spectra of model compounds 3, 4, and 5 were recorded to provide a 
more direct investigation of the structural predictions emerging from the molecular 
dynamics simulations. Figure 8 shows the room temperature spectra of all three 
compounds in the 2.0-4.0 ppm range. In the spectrum of 3, a singlet is observed at 
3.86 ppm, which is assigned to the protons of the methoxy substituent. The observed 
chemical shift is within ±0.1 ppm of the chemical shift for the methyl protons of 
anisole. We thus conclude that, in compound 3, the methyl group of the methoxy 
substituent resides in a position distant from the benzotriazole ring via rotation of the 
O-C(aromatic) bond. Conversely, in the spectrum of 4 the methoxy signal has moved 
upfield to 3.08 ppm. This dramatic shift is almost out of the standard range of 
expectation for any methoxy resonance. The observation is interpreted by noting that 
the aromatic rings, separated by the C-N single bond, are not co-planar in these 
systems. In addition, the 3'-tert-butyl group hinders rotation about the O-C(aromatic) 
bond such that the methyl protons reside in the shielding region of the benzotriazole 
aromatic system. The spectrum of compound 5 indicates an even more dramatic 
upfield shift for the methoxy protons to 2.04 ppm. This constitutes a virtually 
unprecedented chemical shift for the protons of a methoxy group. A reasonable 

120000 

O-C Distance (Angstroms) 

Figure 7. Histogram of substituent phenyl C(ipso)-0(methoxy) distance for 2-(2'-
methoxy-3'-[ a-methyl-benzyl]phenyl) benzotriazole. The dynamics were run for 12.6 
ns. The structure was sampled every 10 f s during the simulation. 
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2.04 ppm 

rrpTitpiiniiniMiMriiii iMiiii i ipiii itiitii iti i i i i i i iti ittnniiinmnMininnnmnmiin 

3.8 3.6 3.4 Z2 3.0 2.8 2.6 2.4 22 ppm 

3.08 ppm 

Ι Ι Ι | Ι Ι Ι Ι | Ι Ι Ι Ι | Ι Ι Ι Ι | Ι Ι Ι Ι | Ι Ι Ι Ι | 1 Ι Ι Ι | Ι Ι Ι ΐ μ ΐ Ι Ι | Ι Ι Ι Ι | Ι Ι Ι Ι | Ι Ι Ι Ι | Ι Ι | Ι | Ι | Ι Ι | Ι Μ Ι | Ι Ι Ι > 1 Ι Ι Ι Ι | Ι Μ Ϊ | Ι Ι Ι 1 | Ι Ι Ι Ι | Ι Ι Ι ΐ ; ΐ 1 

4.0 18 3.6 3.4 3.2 3.0 2.8 2.6 2.4 12 ppn 

3.86 ppm 

Ι Ι Ι | Ι Ι Ι Ι | Ι Ι Ι Ι | Ι Ι Ι Ι [ Ι Ι Ι Ι | Ι Ι Ι Ι | Ι Ι Ι Ι | Ι Ι Ι 1 | Ι Ι Ι Ι | Ι Ι Ι Ι | Ι Ι Ι » | 1 Ι Ι Ι | Ι Ι Ι Ι | Ι Ι Ι Ι | Ι Ι Ι Ι | 1 | | | | | ϋ | | | | Ι | | | | » | | | | | | | | | | | 1 | | | 

4 J 3.8 3.6 3,4 3.2 3.0 2.8 2.6 2.4 2.2 ppm 

Figure 8. Proton NMR spectra of model compounds in the 2.0-4.0 ppm range. The 
chemical shift of the methoxy proton signal is indicated. (Reproduced with permission 
from reference 16. Copyright 1997 John Wiley & Sons, Ltd.) 

explanation of this observation is that the shift is due to an overwhelming 
conformational preference, even in solution, of the 3'-ce-cumyl substituent which 
places the methyl substantially in the shielding region of both aromatic systems. 
Interestingly, the simulated time-averaged distance between the centroid of the phenyl 
ring and the centroid of the methoxy protons is 3.72 Â. According to a derived 
shielding function based on free electron theory (26), the predicted change in chemical 
shift due to the presence of the phenyl ring is about 1.0 ppm. The observed difference 
is 1.04 ppm from the already shielded methoxy protons of 4. 

Figure 9 shows the spectrum of 6, which has a 3' substituent identical to 2. The 
methoxy proton signal has shifted downfield relative to 5. In fact, the position of the 
resonance is quite similar to that observed for 4. We thus conclude that 6 exists in a 
conformation such that the phenyl ring of the 3' substituent is spatially removed form 
the methoxy group. 

Solid-State Structure Determination 

As an additional check on the structural predictions from the molecular 
dynamics simulations, we have determined the conformation of a related compound in 
the solid state. Figure 10 shows a ball-and-stick representation of a single molecule in 
the crystal structure of the commercial BZT UVA, Tinuvin® 928, 2-(2'-hydroxy-5'-
tert-octylphenyl)benzotriazole. It can be seen that the orientation of the oc-cumyl 
substituent is analogous to that predicted for model compound 1. Interestingly, this 
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3.1 ppm 

Χ . 
• ι , • • • • | l i u | l i i . | M n | i M i | l , η , | , . , . | , η , , . M M . M M n i . | M I . M . . u . . 

4J 3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 2.2 

Figure 9. Proton NMR spectrum of 6 in the 2.0-4.0ppm range. The chemical shift of 
the methoxy proton signal is indicated. 

orientation has also been observed in the solid-state structure of a related compound, 
2,4,6-Tri(a,a-dimethylbenzyl)phenol (27). 

Conclusion 

UV-Vis absorption and fluorescence emission spectroscopies can be used as 
general tools in the molecular design of more photopermanent BZT UVAs. 
Unfortunately, the correlation between spectroscopic behavior and photopermanence 
in a given medium is not truly quantitative. The structural results of molecular 
dynamics simulations provide a more robust correlation to the photostability data 
obtained in model acrylic melamine clearcoats. 

The conformational preference of the 3'-a-cumyl substituent in appropriately 
substituted BZT UVAs has been directly observed in the solid state. Proton NMR 
results on methylated derivatives of BZT UVAs show that this preference, which was 
first predicted from molecular dynamics simulations, also exists in solution. It is 
likely that a 3'-oe-cumyl substituent in hydroxylic BZT UVAs also exhibits this 
behavior. Given the decreased accessibility of the hydroxyl in 3'-oc-cumyl substituted 
UVAs (relative to e.g. tert-butyl), one can rationalize the enhanced photostability 
observed for compounds of this type in polar media. The predicted increase in 
accessibility of the hydroxyl group of the hydroxylated derivative of model compound 
2 (relative to model compound 1) correlates with its measured photopermanence in a 
model clearcoat. 
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Figure 10. Solid-state structure of Tinuvin® 928. 

References 

1. Valet, A. Light Stabilizers for Paints; Curt R. Vincentz: Hannover, Germany, 
1997. 

2. Werner, T. J. Phys. Chem. 1979, 83, 320. 
3. Werner, T.; Kramer, H. E. A. Euro. Polym. J. 1977, 13, 501. 
4. Werner, T.; Woessner, G.; Kramer, H. E. A. in Photodegradation and 

Photostabilization of Coatings, ACS Symposium Series No. 151, Pappas S. P. 
and Winslow F. H. Eds.; American Chemical Society: Washington, DC, 1981. 

5. Gerlock, J. L.; Tang, W.; Dearth, Μ. Α.; Korniski, T. J. Polym. Degrad. Stab. 
1995, 48, 121. 

6. Estévez, C. M . ; Bach, R. D.; Hass, K. C.; Schneider, W. F. J. Am. Chem. Soc. 
1997, 119, 5445. 

7. Wiechmann, M . ; Port, H.; Frey, W.; Lärmer, F.; Elsässer J. Phys. Chem. 1991, 
95, 1918. 

8. Gupta, Α.; Scott, G. W.; Kliger, D. in Photodegradation and Photostabilization 
of Coatings, ACS Symposium Series No. 151, Pappas S. P. and Winslow F. H. 
Eds.; American Chemical Society: Washington, DC, 1981. 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

02
2

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



467 

9. Pickett, J. Ε.; Moore, J. E. Polym. Degrad. Stab. 1993, 42, 231. 
10. Bell, B.; Bonekamp, J.; Maeeker, N.; Priddy, D. Polym. Prepr. 1993, 34, 624. 
11. Pickett, J. E.; Moore, J. E. Polym. Prepr. 1993, 34, 153. 
12. Catalan, J.; Del Valle, J. C.; Fabero, F.; Garcia, N . A. Photochem. Photobiol. 

1995, 61, 118. 
13. McGarry, P. F.; Jockusch, S.; Fujiwara, Y.; Kaprinidis, Ν. Α.; Turro, N . J. J. 

Phys. Chem. A 1997, 101, 764. 
14. Pickett, J. E.; Moore, J. Ε Die Angew. Makromol. Chem. 1995, 232, 229. 
15. Woessner, G.; Goeller, G.; Rieker, J.; Hoier, H.; Stezowski, J. J.; Daltrozzo, E.; 

Neureiter, M. ; Kramer, H. E. A. J. Phys. Chem. 1985, 89, 3629. 
16. Goeller, G.; Rieker, J.; Maier, A,; Stezowski, J. J.; Daltrozzo, E.; Neureiter, M. ; 

Port, H.; Wiechmann, M . ; Kramer, Η. E. A. J. Phys. Chem. 1988, 92, 1452. 
17. Flom, S. R.; Barbara, P. F. Chem. Phys. Lett. 1983, 94, 488. 
18. Catalan, J.; Perez, P.; Fabero, F.; Wilshire, J. F. K.; Claramunt, R. M. ; Elguero, J. 

J. Amer. Chem. Soc. 1992, 114, 964. 
19. Heller, H. J. Eur. Polym. J.-Suppl. 1969, 105. 
20. Iyengar, R.; Schellenberg, B. Polym. Degrad. Stab. 1998, 61, 151. 
21. Pickett, J. E. Macromol. Symp. 1997, 115, 127. 
22. Ghiggino, K. P.; Scully, A. D.; Leaver, I. H. J. Phys. Chem. 1986, 90, 5089. 
23. Still, W. C.; Tempczyk, Α.; Hawley, R. C.; Hendrickson, T. J. Am. Chem. Soc. 

1990, 112, 6127. 
24. Guarnieri, F.; Still, W. C. J. Comput. Chem. 1994, 15, 1302. 
25. DeBellis, A. D.; Rodebaugh, R. K.; Suhadolnik, J.; Hendricks-Guy, C. J. Phys. 

Org. Chem. 1997, 10, 107. 
26. Johnson, C. E. Jr.; Bovey, F. A. J. Chem. Phys. 1958, 29, 1012. 
27. Kurashev, M . V.; Struchkov, Y. T.; Veretyakhina, T.G.; Shklover, V.E. Izv. 

Akad. Nauk SSSR, Ser. Khim., 1986, 1843, CASREACT 107:39304e. 
28. Mohamadi, F.; Richards, N . G. J.; Guida, W.C.; Liskamp, R.; Lipton, M . ; 

Caufield, C.; Chang, G.; Hendrickson, T.; Still, W. C. J. Comput. Chem., 1990, 
11, 440. 

29. Spartan Version 4.0, Wavefunction, Inc., Irvine, CA 92715 USA, Copyright 1995 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

02
2

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



Chapter 23 

The Pulsing of Free-Amine during Polymer 
Hydrolysis 

Sam C. Saunders 

SCS Inc., 218 Main Street, Pmb 184, Kirkland, WA 98033-6108 

We explicate a question in physical chemistry concerning hydrolysis in acrylic melamine 

which is analogous to the oscillation of water levels in coupled tanks, under related con

ditions. But polymer hydrolysis is more complicated; it involves slower reaction rates, 

partial-yields and moisture infusion due to the ambient relative humidity. Convolutions 

of the different concentrations are used to represent successive first-order reactions in the 

governing coupled differential system, rather than characteristic equations and eigenvalues 

obtained from a computer program. We give explicit formulae from hydrolytic degradation 

for the concentrations of certain compounds which are of chemical interest. This analysis 

makes transparent when and why pulsing occurs, to the confoundment of others besides 

physical chemists. 

Introduction 

At a recent conference on the service life of polymer coatings, a preliminary report was made 

on quantitative prediction of concentrations in polymers by chemical degradation due to hydrolysis, 

e.g., humidity and acid rain, affecting car paint. The mathematical analysis showed "pulsing" could 

occur, under some conditions, in the generation of free-amine (and other degradation products) in 

such polymers as acrylic-partially-alkylated melamine coating. But the audience was sceptical. The 

physical chemist's questions about the mathematical demonstration were pointed: "Please explain to 

us the chemical reason there should be acceleration and deceleration of the chemical activity, with 

a period as long as three weeks, in polymers such as these?" This should be interpreted as: "This 

mathematical torn-foolery seems unrelated to the chemistry and is so esoteric that until a chemical 

468 © 2002 American Chemical Society 
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explanation, which is physically intuitive, can be provided it is insufficiently convincing." 

The experimentalist's explanations of the origin of the observed variations in the FTIR responses, 

see Figure 1, in the chemical hydrolysis of melamine, see Figure 2, were: 

1. During the early measurement period in FTIR analysis, when percentage changes were lower 

than the measurement error a systematic error of over and under compensation often resulted 

in the early oscillation that later disappeared. 

2. The mechanism that controlled humidity during exposure may have fluctuated with a common 

period which generated the pulse. (Unfortunately no records were found in the humidity control 

that exhibited such pulsing.) 

Representation of Hydrolytic Degradation 

To analyse Nguyen's degradation scheme, see [3], which is quoted in Figure 2 and depicted in 

Figure 7, we construct a mathematical model for two important scenarios by denoting — 

respectively, as zero-order, first-order and reversible first-order reactions, namely, 

The subscripts indicate possible choices for Oj for j = 1,2 and E* for k = 1,2 where [X] represents 

water, [Ο] is melamine methylol. Here [β] is a unknown mixture of the three chemical complexes 

below, each of which is assumed to have the same reaction constant. This is an approximation to the 

average of three different reaction constants for: 

^ C H 2 - O C H 3 ^ C H s - O - R ^ C H 2 - O C H 3 

Β ι : | - Ν [β 7 Γ |—Ν κ Θ " Ν ν 
\ H \ H \ C H 2 - 0 - R ' 

It is the accumulation of end-products | Ει | and | E 2 | which are of interest; | Εχ | is -NH 2 , primary 

amine, and | E 2 | is -N-CH 2-N while |Di | is »-C and [57] is C-C. 

Here η, λ, with affixes, are first-order reaction rates and p, with affixes, represents fractional yield. 

The problem is to obtain formulae which represent the concentration over time of Ei and E 2 , the two 

ultimate degradation products, involving all combinations of intermediate products. Some additional 
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analysis, not given here, would be required to determine formulae for the concentrations of carbonylic 

acid and amide. 

However the actual problem in the chemistry of hydrolysis is more complicated than that of three 

coupled water tanks. Hydrolysis involves a sequence of reactions which begin with IH2O | and at 

the end of the chemical sequence a fraction of the | Η 201 with which it began is resupplied. As a 

by-product, the hydrolysis cycle contributes to the production of free-amine which is the initiator of 

the, chemical degradation. Chemical behavior during hydrolysis resembles that shown in Figure 7. 

A quantitative analysis of this situation cannot depend only on a linear system of differential 

equations because of two important complications: (i) partial-yield reactions, i.e., only a fraction 

of the reagent consumed becomes the chemical species of interest, (ii) the infusion of water due to 

relative humidity. To attack these problems we adopt a different method. 

A Single Tank 

The bottom pressure, due to the weight of water, is 

proportional to the depth of water. The volume (amount) 

of water is V = irr2 • y where r is the radius of the 

tank and y is the depth of water. With outflow but no 

inflow the rate of change of the volume of water is 

^ = —κ{πε2) - y for some 0 < κ < 1. 

Here κ is the nozzle efficiency and ε is the drain radius. 

Since wr2 · y* = — ττε2 · κ · y it follows that y* = —ηy 

Figure 3 A draining tank with inflow for some η > 0. Therefore the water level of a draining tank, 

as in Figure 3, is an exponentially decreasing function of time, namely, y(t) = y(0)e_,?* for all t > 0. 

This type of behavior often arises elsewhere in science, e.g., in (i) Newton's law of cooling, (ii) the 

electrical charge draining from a capacitor, or (iii) Carbon C 1 4 decaying to C i 2 . Such representation 

of "flow" using the appropriate parameters, namely, 

WATER VOLUME, WATER DEPTH, TANK BASE AREA, and DRAIN AREA 

can be reinterpreted in other situations, respectively, as 

HEAT, TEMPERATURE, SPECIFIC HEAT, THERMAL CONDUCTIVITY, ΟΓ 

CHARGE, VOLTAGE, CAPACITANCE, ELECTRICAL CONDUCTIVITY 

and, most importantly as we argue subsequently, the same model applies in all first-order chemical 

reactions during hydrolysis in polymers, where correspondingly we have the concepts 
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MATERIAL MASS, SPECIES CONCENTRATION, REACTION CONSTANT. 

We assert the reason for the counter-intuitive behavior of coupled tanks is not due to any electrical 

or hydrologie properties but follows by mathematical implication from the common governing law, as 

expressed, e.g., in eqn(l) below, of a tank with constant inflow and gravitational outflow: 

y' = μ- ην\ therefore y(t) = - + [ y(0) - - ) e"** for all t > 0. 

Two Coupled Tanks 

(1) 

II 

1 

II 
1 

Figure 4 Two coupled tanks 

The differential system for flow-rate is 

yi = -myi + »?2y2, 

1/2 = +myi-my2> 
The solution is checked to be of the form: 

y<W = yi(0) + yi(0) /V^>*<f*, 
Jo 

for t = 1,2. This can be easily obtained using 

CS-transforms defined by: 

GHs) = f™e-«dG(t). 

Transforming the differential system and using 

sG*(s) = g(Q) + g*(s), where G' = g, one obtains 

* + m + ηι 

(2) 

In Figure 4, which see, both water levels adjust quickly, each at the same rate, to static levels with 

one tank increasing and the other decreasing, depending upon yj(0). 

In the special circumstances in [2] the interpretation is in these terms: 

The solution is of the form: y,(t) = α,· ± è e ~ ^ l + q a ^ and we see that —(ηι + r/2) is one of 

the two eigenvalues, with (171+172) being the sum of the drain-hole areas. The eigenvector 

is (be-^i+ri^t

i-be-^l+T>3>). 

The solution given in eqn(2), involving inital values and initial rates, seems to appeal to engineering 

intuition. One checks, since Vi(t) = irr2 · y,-(<) is the water volume of the ith tank for i = 1,2 that 

total water volume is conserved, i.e., V~i(t) + V2OO * s constant. 

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

02
3

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



474 

Three Coupled Tanks 

4 

Ô Pump 

"ΤΓ 

Figure S Three coupled tanks 

Clearly the differential system, for the flow-rate in 

Figure 5, is, 

yi = -mvi + -H?3!te, 

y2 = +mvi - mv2 , (3) 
j/g = +i?2y2 - WS-

In matrix notation this is a linear system: 

y' = £ v (4) 

Following [2] we let λχ, λ 2 , λ 3 be the three roots, one 

being zero, of the characteristic polynomial 

det(£ - λΐ) = λ(λ 2 + σιλ + σ 2 ) = 0, 

where we have written, for short, 

σ"ι = m + m + *?3, <r2 = 1711?2 + i?î 3 + W3- (5) 

The general solution, when the eigenvalues λ»· are distinct (here negative) and 1/,· are the corre

sponding linearly independent eigenvectors, see [2], is given by y(t) = c\eXltux + c 2 e A 3 t i/ a + c 3eA s*i/ 3. 

Alternatively, the transform of eqn (3) is y^(s) = (s i - £)"~V(0). The solution, when σ\ < 4σ 2 , gives 

a percentage change, for k = 1,2,3, of 

%Vk(i) = y t ( ^ t ( 0 ) « " c " a < c o s M + sin^> 

where 53*= 1 υ* = ]£*=i = 0. Then syncronized pulsing, with diminishing oscillation, occurs in 

each tank. Such pulsing will occur unless one drain is so large relative to the 

others, that it rapidly empties its tank, essentially reducing the system 

to two coupled tanks. The solution exhibits no oscillation, whenever 

the barycentric coordinates of îji,rj2,»73 (letting it,- = η%/σι) 

fall within the region 2 w? > 2 ] £ « j U{Uj. In Figure 6 

this region is exterior to the circle within the triangle, 

where each vertex is a point at which some ti< = 1. 

Figure 6 Region of Oscillation 
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of variation in service life caused by the actual infusion of moisture due to stochastically fluctuating 

humidity from diurnal and seasonal variation. Only by utilizing such a result can the concentration 

of a degradation species over time be used to predict accurately the useful life of polymers under the 

various environmenal conditions of exposure arising in service. 
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Chapter 24 

Summing Up: Where We Are Now; Next Steps to Take 

F. Louis Floyd 

PRA Laboratories, Inc., 430 West Forest Avenue, Ypsilanti, MI 48197 

The proceedings of the first conference were published as ACS Symposium Series 
#722, "Service Life Prediction of Organic Coatings: A Systems Approach," Bauer 
and Martin, editors, 1999 (ACS), Oxford University Press. (ISBN 0-8412-3597-X). 
Unfortunately, the end-of-conference summary and planning session chapter was 
omitted from that proceeding. It is included here to complete the record. 

The first conference focused on setting the stage for the service life prediction debate. 
It defined the need for better laboratory testing, for better quantification of the 
environment ("natural" weather), for the use of different (reliability-type) protocols, 
and for construction and use of verified materials databases in the coatings industry. 

Attendees. There were 70 participants from the U.S. and 9 foreign countries. The 
top four employers of participants were government labs, coatings companies, raw 
materials suppliers, and universities. 
• Government labs: USA -- National Institute for Standards and Technology 

(NIST), National Renewable Energy Lab (NREL), Wright Patterson Air Force 
Base (WPAFB), Federal Hwy Adm, and Forest Products Labs (FPL); foreign --
Swedish National Testing and Research Institute, NILU (Norway), Fraunhofer 
Institute for Solar Energy Systems (Germany), Singapore Productivity & 
Standards Codes, and Japan Atomic Energy Research Institute. 

• Companies: DuPont, Ford, Shell, Cook Composites & Polymers, Duron, 
Reichhold, Rohm & Haas, 3M, Standard Products, GE, Owens-Corning, 
Monsanto, Elf Atochem, Cytec, Americhem, Atlas Weathering Services, 
Courtaulds, Akzo-Nobel, BHP Coated Steel, SC Johnson, Dow, and Sherwin
-Williams. 

• Universities: Washington State, Iowa State, Univ of Belgium, Univ of Colorado, 
Univ of Cincinnati, Pascal Univ (France). 

The last day of the conference was given over to a free-form discussion that attempted 
to capture a consensus of the conferees understanding of the subject matter, and 
where they felt we as a coatings community should go next. Following is a summary 

476 © 2002 American Chemical Society 
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of that discussion, arranged in three broad subject areas: what did you learn, what 
techniques did you feel were being underutilized in SLP studies, and what is needed 
in order to improve our chances of succeeding in our attempts to predict service life. 

A. Based on your previous knowledge, the formal presentations that you've 
heard this week, and the informal discussions that you've had with other 
symposium attendees, what broad conclusions have you reached concerning the 
current status and future direction of SLP methodology? 

1. Time is the currency of today. Accelerated testing must be utilized to make 
commercial decisions. We no longer have the luxury of waiting for outdoor 
exposures. This makes SLP methodologies essential, if we are to avoid 
major blunders. 

2. Time, however, is not the proper abscissa for service life comparisons. 
Cumulative-damage-events is the proper basis for comparison. This 
circumvents the problem resulting from varying damage event frequency 
over time. 

3. Biggest single driving force today in product development programs: risk. 
Business is driving hard to do more in shorter times. R&D needs to 
determine how to accomplish this without incurring unacceptable risk levels. 
Unfortunately, risk is not being given the forum for discussion it deserves in 
corporate venues. 

4. "Failure" is a defined event, and may be either loss-of-protection or loss-of-
appearance. Failure may evolve from either continuous or discontinuous 
processes. Failure definitions will vary based on the end-use market served. 

5. There are actually two different kinds of failure: infant mortality (at 
beginning of life - frequently from errors in application), and true product 
capability (late in life). The former is the source of most product liability 
claims, while the latter is the focus of product development efforts. Much 
more attention needs to be paid to the early failures - in particular to 
diagnosing their causes and eliminating them. 

6. Our current condition of replication-deficit prevents us from understanding 
our current systems, and knowing with reliability whether new systems are 
better. 

7. We are heavily focused on chemical changes during weathering, and 
overlook the role of physical stresses and changes. 

8. Degradation occurring during accelerated aging tests must occur by the same 
mechanism(s) responsible for natural aging degradation. Any acceleration 
that produces chemistry that is different from natural aging is inherently 
flawed, and potentially misleading. 

9. It is essential that the end-use environment be completely characterized. 
"Micro-environment" differences are real, and quite significant for product 
performance. 

10. Useful models do not necessarily require perfect understanding. 
11. We can, and should, learn from other industries already using reliability 

methodology. 
12. We can improve data credibility with image analysis techniques. 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
Se

pt
em

be
r 

17
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 N

ov
em

be
r 

21
, 2

00
1 

| d
oi

: 1
0.

10
21

/b
k-

20
02

-0
80

5.
ch

02
4

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



478 

Β. What are some of the currently available techniques that you think are 
underutilized? 

1. Cyclic experiments; measuring cyclic stresses 
2. Utilizing fracture energy measurements to predict cracking behavior 
3. Adequate replication / population descriptions 
4. Acoustic emission for sub-visible mechanical damage measurement 
5. Image analysis for quantification of results 
6. Thermal analysis (DSC, DMA, TGA, etc.) 
7. Electrochemical measurement of corrosion 
8. Chemiluminescence for early detection of oxidative processes 

C. What capabilities and/or knowledge are needed in order to improve our 
ability to make more reliable service life predictions? 

1. Spectral UV data (dose vs. wavelength) on light sources (natural and 
artificial) 

2. Spectral UV responses of materials. 
3. Venue to discuss hardware, software, and best practices in this field at future 

conferences. 
4. Some kind of lab / testing certification process for SLP protocols. 
5. Investigation of "induction periods." This is currently viewed more as an 

artifact than a behavior worthy of study. 
6. Internet discussion group on Reliability Theory, where we can exchange 

ideas and results between now and future SLP workshops and symposia 
7. We need to be able to get to point where we truly trust our test data as an 

industry. Until that time, we'll continue wasting substantial time confirming 
each other. This means that we need to carefully develop the field of "meta 
data": complete disclosure of experimental details under which data are 
collected. We also need to develop "meta data" standards for use in peer 
review and publication. This will lead to industry standardization. [Sounds 
like a natural role for NIST] 

8. Workshop / short courses / tutorials needed: reliability theory, statistical 
methods, experimental design, image processing, meta data, techniques for 
utilizing "old" data. Should definitely be part of agenda for future 
conferences. 

9. R&D must educate general management regarding reliability methodology. 
10. We need to vastly speed up the approval process for new standards. 

Summary of the Second Conference (1999) 

The second conference focused heavily on the photochemical aspects of weathering, 
with special emphasis on automotive clear topcoats, since that is the coatings 
industry's biggest single product liability event in recent memory. While there was 
some recognition that cyclic exposures were important, there were few papers treating 
this subject. 
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There were 65 attendees at the second conference from the U.S. and 6 foreign 
countries: 
• Suppliers: DuPont, Millennium, Kerr-McGee, Rohm & Haas, DSM, Dow 

Chemical, Dow-Corning, Elf Atochem 
• Academics: North Dakota State, U Missouri® KC, Iowa State, Colorado School 

of Mines 
• Agencies & independent labs: U.S. Fed Highway Admin, U.S. National 

Renewable Energy Lab, U.S. National Institute for Standards & Technology, 
Aspen Research Corp, PRA Labs (Ypsilanti, MI), USDA Forest Products Lab 
(Madison, WI), Japan Atomic Energy Research Institute, Swedish Institute for 
Wood Technology, EMPA - Switzerland, Singapore Productivity & Standards 
Board, KTH Center for Building Environment - Sweden, Inst of Macromolecular 
Chemistry - Czechoslovakia, Federal Inst for Materials Research - Germany, 
Fraunhofer Inst, for Solar Energy Systems - Germany 

• End-users: Ford, Daimler-Chrysler, 3M, GE, Northrop-Grumman, PPG 
• Paint manufacturers: Sherwin-Williams, Carboline, BASF, Visteon, Akzo-

Nobel 
• Testing & equipment: Atlas (exposure services; accelerated testing equipment) 
• Software: Galactic of Salem, NH 
• Consultants: several retired folks from various companies, still keeping their 

hand in 

The last day of the conference was given over to an open discussion that had as its 
goal the capturing of the attendees perspectives regarding where we are now, and 
where we should go next on the issue of service life prediction. Following is a 
summary of the discussion and conclusions drawn by the attendees during that 
session. 

A. What did you learn at this conference that was of particular significance to 
you? 

1. the state of the art world-wide in weather monitoring is much more extensive 
than realized before the conference; 

2. substantial variations occur in our weather over even short time intervals; 
3. photo degradation behavior of materials as a function of depth into polymer 

films and as a function of UV wavelength; 
4. UV absorber performance and permanence over time; 
5. the commonalities we have with other industries; 
6. the need to embrace a wider range of variables in order to adequately 

describe "weathering" (e.g. acid rain, fracture energy, cyclic processes, 
temperature, humidity, time-of-wetness, corrosion, adhesion, and of course 
UV dosage); 

7. the surprising possibility that today's coatings materials are so much better 
in UV resistance than their predecessors that photochemical resistance may 
no longer be the most important component in "weathering" resistance; the 
possibility that hydrolysis may now be as important as UV resistance in 
determining "weathering" resistance, [presumption: the first property to 
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"fail" is considered to be the mode of failure. UV degradation was that first 
property to fail in the past, but may no longer be.] 

8. the possibility that in the future, we will be spending a lot more time and 
resource on feeding verified data into data bases, and then mining the data 
bases instead of running new experiments [while this is certainly hard to 
accept in the coatings world today, other industries have already made this 
conversion - materials science, electronics, aerospace]; 

9. reliability theory offers a route to shorter R&D cycle times without 
increasing risk - but it requires very different mind sets and techniques to be 
successful. 

B. "Weathering" is a complex issue. What sticks-in-the-sand can we place today 
regarding what we think we know about the weathering process, and our ability 
to predict the effects of weathering on coatings? [These can be used to measure 
our progress during future conferences] 

1. These appear to be the principal components of weathering, in the form 
of [cause (manifestation)]: 
ο UV resistance (gloss loss, color change, chalking) 
ο Water resistance (blistering, wrinkling) 
ο Adhesion - particularly under wet conditions (blistering, peeling, 

flaking) 
ο Hydrolysis resistance (erosion, color change, chalking, gloss loss - even 

under mild pH conditions) 
ο Fatigue failures (primarily cracking) from cyclic stresses: wet/dry, 

hot/cold, freeze/thaw, light/dark (implicit hot/cold and wet/dry in diurnal 
cycle). Fracture energy, fatigue resistance, hysteresis (in stress-strain 
tests), and permeability probably all play a role in fatigue failures. 

ο Corrosion resistance (blistering, rusting, delamination, peeling) 
ο Surface fouling (dirt pick-up, mildew) 
ο Staining bleed-through from substrate (tannin, stains) 

2. UV resistance is strongly related to chemical bond energy (higher is more 
resistant). The bonds (or functional groups) susceptible to UV degradation 
are the same ones susceptible to free radical grafting reactions, and in turn 
are inversely related to published chemical bond energies in handbooks. 
This can be compensated for by using screening agents (UV absorbers) 
which prevent the UV light form reaching the susceptible polymer, or by 
free radical traps (HALS) which function to intercept degradation reactions 
at early stages, thereby preventing the chain of events which lead to physical 
property changes. 

3. UVA and HALS effectiveness is very sensitive to its (micro) 
environment. They appear to be far more useful in clear coats than 
monocoats, perhaps due to the considerably thicker path length for clear 
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coats (mils) relative to monocoats (tenths of a mil for clear glossy surface 
layer). Certain systems do not benefit from the presence of HALS (e.g. p-
MMA). Acid rain and acidic components in the coating can de-activate 
HALS, which may explain why waterborne systems tend to have less 
success in utilizing HALS than solvent-borne and powder systems. 

Hydrolysis resistance probably follows the rules set down by Turpin, et 
al. for water-reducible polymer systems: hydrolysis is reduced by 
increases in polymer hydrophobicity, increases in steric hindrance, and 
reduction in anchimeric (neighboring group) effects. Hydrolytic degradation 
may be as significant as UV-induced degradation in determining the overall 
appearance durability of a coating (gloss loss, chalking, color change). 

Cracking of paint films are of two kinds: drying (or curing)-related, and 
cyclic stress (fatigue) related. The drying/curing-related types are known as 

ο mud-cracking (related to solids and wet film thicknesses which are 
excessive ~ characterized by cracks in surface skin which do not 
usually reach all the way through a film), 

ο film-formation cracking (too high T g or too low coalescent level -
characterized by "star" appearance with cracks radiating from 
central flaw), 

ο checking, alligatoring, (related to shrinkage caused by continuing 
reaction of residual reactive functionality ~ may start as star-
cracking, but takes on a cellular structure appearance once cracking 
is well-advanced), 

The cyclic stress fatigue related types are usually known as 
ο grain-cracking (related to film permeability (initiation) and fracture 

energy (propagation) - appearance is one of long linear cracks, 
which mimic the grain pattern of the substrate), 

ο cold-checking (typical of furniture lacquers exposed to hot/cold 
cycles), and 

ο blister-cracking (related to blistering/wrinkling of water-sensitive 
films - cracks mimic wrinkling patterns when film dries out). 

Surface fouling is probably related most strongly to surface hardness 
and surface energy (wetting). Surface hardness probably has a thermal 
(softening) component and water (softening) component. There is also a 
wetting/adhesion (surface energy) component, but that is far less well 
studied. Fouling probably starts with environmental "dirt" becoming 
embedded in the surface, followed by active growth of whatever species is 
present. In the case of marine paints, an additional component is organisms 
that seek and adhere to surfaces, such as barnacles. A laboratory test for dirt 
resistance that correlates well with exterior results utilizes independent 
exposure to both water and heat. 
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C. What issues were not adequately treated during this conference? 
1. Attendees are not sure that all the necessary tools are yet in place to 

accomplish SLP. Perceived gaps: characterization of environmental 
causative agents; deficiencies in accelerated testing devices, particularly in 
light source filtration. As a result, the coatings community is not 
comfortable today with any leaps to prediction. 

2. Not enough on wavelength-dependence of materials degradation. 
3. Want more on actual prediction techniques (case studies; specific examples 

of how to do it) 
4. Statistics (how to deal with probability distributions, apart from discrete 

values) 
5. Cyclic processes and mechanical integrity issues were not well treated ~ 

may be at least as important as photochemistry 
6. Is there an ISO standard on SLP? Need references and linkage. Building 

materials - NIST should have references. 
7. Want more on effect of water on degradation processes. 
8. Need better ways to cross-communicate on SLP issues. Website? Who, 

how, etc? [NIST may well take the lead on this] 
9. Train of variability through the whole SLP process. Critical step in 

accomplishing SLP. Need to quantify each step. 
10. Cumulative distribution vs. differential distribution; framework for choosing 

which to deal with. 
11. What is the role of matrix in weathering chemistry? ("matrix" here is used 

to describe the local micro-environment that a species sees, which may be 
substantially different from any overall composition) 

12. Do we know enough about the light to get it right? Many think that existing 
accelerated testing light sources may not be accurate enough. But it is 
unclear whether better filtration is the answer, primarily because the 
experiments haven't been run as yet. 

13. What is the role of cycles in getting it right? 
14. Lots of other issues in "weathering": cycles, acid deposition, hydrolysis, 

mechanical failure, corrosion. 
15. Need simple models that work. How good is good enough? 

D. What steps should we take to improve the next conference? 
1. Hold the next conference only when enough work has been completed to 

warrant it - perhaps 3 years' hence (2002). 
ο Site the conference on the east coast of the U.S., to facilitate foreign 

travelers, who largely come from Europe, 
ο Use the "unanswered questions" from die following section to guide the 

content and organization of the next conference, 
ο Need to broaden foreign participation. How does work in US stack up 

with the rest of the world? 
ο Consider publishing extended abstracts in advance of next meeting. 

2. Extend subject matter to include: 
ο plastics; 
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ο sealants; 
ο automated real-time measurements of performance; 
ο influence of lifetime costs on assessment of service life; 
ο beta testing as a means of reducing risk; 
ο other modes of failure, such as corrosion, cracking, blistering; 
ο role of pigments other than Ti0 2 ; 
ο risk: measurement of, tolerance of, definition(s) of. 

3. Include more papers on role of: 
ο water, 
ο cycles, 
ο mechanical integrity, 
ο corrosion, 
ο fouling (dirt, mildew, etc), 
ο acid rain, 
ο micro-structural characteristics. 

4. Need an actively managed web site for communication between conferences 
[NIST will set this up during 2000] 

5. Use many more case studies. They are an excellent means of 
communicating issues. Helps clarify suitability of competing approaches. 

6. To facilitate the measurement of progress on such a complex issue, place 
some sticks in the sand today, representing what we think we know, and then 
compare future work/findings/learning to them to measure our progress? 
[see section Β of this discussion] 

7. Clearly define (and publicize) the scope of the conference in advance in 
order to achieve a better match between attendees' expectations and actual 
conference content. 

8. Add sessions on: 
ο effect of quality of artificial light source on reliability of results vs. 

natural weathering. Press providers of accelerated weathering devices to 
develop and report on UV filters for their existing artificial weathering 
devices that "exactly" match the spectrum of sunlight. 

ο effect of cyclic stresses on coating performance: hot/cold, light/dark, 
wet/dry, freeze/thaw. 

ο fracture mechanics of polymeric materials, and how such measurements 
aid in predicting lifetimes. 

ο effect of residual (unreacted) cure functionality on survivability of a 
coating exposed to substantial swings in temperature during its lifetime, 
like clearcoats on automobiles (summer days cycle between 60° F and 
180° F) 

9. Form a study group to explore the implications to reliability theory for the 
coatings industry. Ask them to develop a list of suggested roles for various 
players in the food chain. Ask them to prepare a paper for the next 
conference, describing what they've found or concluded. 

10. Invite appropriate software companies to participate via a poster session, 
with hands-on, live-time demonstrations of their wares. This includes 
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statistics, design-of-experiments, database, and artificial intelligence 
software. 

//. Put out a call for papers now in the key topical areas noted above, to 
encourage research on these topics on a time-scale useful for the next 
conference. 

12. Provide some sort of tutorial process to bring newcomers up to speed. 
Possibilities: plenary lectures that review key areas; encourage attendees to 
procure and read prior proceedings. 

E. What important questions remain largely unanswered? What needs haven't 
been adequately met? 

1. Chaos theory suggests (among many other things) that such things as 
weather may be deterministic in nature, but that it has multiple causes, those 
causes interact in unknown fashion, and initial conditions can never be 
completely specified. The result is a lack of predictability, or chaos, or 
randomness, depending on one's background. How much of our variability 
in service life (and resultant lack of predictability) is simply due to such 
things as our inability to 
• adequately measure initial conditions? 
• truly reproduce materials for "replicate" tests? 
• adequately measure all causative factors during test? 

2. How can we detect the onset of unexpected (different) failure modes when 
pushing a particular mode of acceleration? What about changing modes of 
failure over time? 

3. What role should each level of the "food chain" (e.g. raw material suppliers, 
manufacturers, users of paint) play in reliability testing? What should 
suppliers be obliged to do before approaching coatings companies? What 
information can/will be believed between levels in the chain? Goal: stop 
duplicating effort. 

4. Given that time is not the correct X-axis for comparisons (cumulative 
damage events is the correct one), how can we translate SLP information 
back into a time-scale, which the commercial world both needs and 
demands? 

5. If accelerated weathering device manufacturers were to develop a "perfect" 
filter for their light source (i.e. one that reproduces natural sunlight 
"exactly"), would that result in an improvement in our predictive capability? 
Would that be sufficient to develop a simple model that works well enough? 

6. Is there a relatively simple combination of short-term lab tests today that 
together yield an adequate (for commercial purposes) prediction of service 
life? For example: 
• fracture mechanics for mechanical integrity 
• cycling of physical conditions (wet/dry, hot/cold, freeze/thaw) 
• photochemical degradation 
• permeability (water, oxygen) for substrate protection 
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• fouling resistance (dirt, mildew, etc; hardness, bio-resistance) 
• adhesion (probably with a wetting/penetration component) 

7. What is the environment really like (how variable is it) on the micro scale? 
To what extent does this variation contribute to question #1 above? [Even 
today, monitoring of environment is broad and crude, compared to typical 
monitoring of lab conditions.] 

8. Are there "healing" processes that occur and are significant during the 
weathering process? 

9. Is the ultimate arbiter of performance simply one of comparison to some 
"known" system? 

10. What is the rate-limiting step for various failure modes? 
11. What are some good commercially-available software packages for 

DOE/AOE? Criteria: user-friendly, simple, easy, minimal learning curve, 
readily understandable (and of course competent). [One liked ANOVA TM 
from ASD. A few like Stat-Ease.] 

12. What are the minimum number of properties that need to be specified to 
guarantee the "quality" of a coating? 

13. What are the minimum number of environmental conditions that need to be 
specified/monitored in order to account adequately for "weathering" 
processes? 

14. What is the role of residual unreacted cure capability on the performance of 
coatings (particularly clearcoats)? 

15. How much risk are we willing to accept, and how do we determine that 
level? [relates to acceptable failure rate vs. time]. 

16. Approach the polymeric binder community with the need for more robust 
adhesion-promoting technology. Current technology is strikingly deficient 
in robustness: too easily poisoned by other ingredients; too-easily defeated 
by environmental condition swings; no significant penetration (binding) of 
porous (unsound) substrates. 
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spectral quantum yield, 136, 140 
See also 2-(2'-

Hydroxyphenyl)benzotriazole 
(BZT); Polymer hydrolysis; Total 
effective dosage model 

Acrylic polyol, crosslinked, coating 
samples, 108/ 

Activation energy 
bilayer coating samples, 113/ 
polyvinyl chloride, 115/ 
UV-stabilized polycarbonate, 115/ 

Aerosols 
description, 15 
trend analysis for, and tropospheric 

ozone, 17/ 
Aging, scratch performance of 

automotive coatings, 177 
Aircraft coatings 
noise resistance vs. time, 320, 323/ 
predicting lifetime, 345 
See also Lifetime prediction 

Air-surface temperature 
spectral analysis, 13/ 
time series, 9, 12 
trends, 11/ 

Alkyd marine coatings 
impedance modulus vs. time at 

different film thickness, 335/ 
impedance resistivity vs. time, 336/ 
lifetime to failure estimations, 337/ 
noise resistance, Rn, vs. time at 

different film thickness, 336/ 
See also Lifetime prediction 

Angle. See Exposure angle 
considerations 

Appearance. See Coating and surface 
appearance 

Arizona. See Exposure angle 
considerations 

Arrhenius-lognormal regression 
model, acceleration model, 398 

Arrhenius model, temperature 
acceleration, 400-401 

Artificial UV weathering 
fracture energy, 368, 369/ 
See also Integrating sphere 

Atmospheric corrosion 
effects of deposition, 29-30 
effects of temperature differences 

and radiation conditions, 30, 31/ 
electrochemical measurements, 24 
equivalent electric circuit model for 

WETCORR (wetness and 
corrosion rate recorder) sensor, 28/ 

experience from measurements, 28-
30 

Norwegian Institute for Air Research 
(NILU) WETCORR, 24-25 

response of WETCORR current on 
polarity reversal, 27/ 

sensor characteristics in WETCORR 
system, 26,28 

sensor design in WETCORR system, 
26, 27/ 

surface moisture and time of 
wetness, 23-24 

time of conduction (TOC), 32 
time of wetness (TOW), 30-32 
WETCORR current vs. surface RH 

for sheltered exposure at marine 
site, 29/ 

WETCORR instrumentation, 25, 26/ 
WETCORR system, 25-28 
See also Surface moisture; Time of 

wetness (TOW) 
Atomic force microscopy (AFM), 

analysis before and after exposure, 
111 
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Attenuated total reflectance (ATR) 
automotive coatings, 165 
clearcoat degradation vs. Xe 

exposure time, 190, 191/ 
depth profiling from microtomed 

sections, 199-200 
depth profiling from top surface, 199 
surface/near-surface composition, 

190 
Automotive coatings 

applying fundamental mechanistic 
studies to practical service life, 
180-181 

approximating durability or service 
life performance, 187 

attenuated total reflectance (ATR), 
165 

chemical analysis, 187-188 
creating failure modes for critical 

failure modes, 179-181 
cross-section of typical, 188, 189/ 
dependence of critical performance 

variables on environmental 
variables, 181 

depth analysis by IR-microscopy, 
165 

depth profiling after exposure to 
QUV, UV-only, and condensing 
humidity cycle (CHC) conditions, 
172/ 173/ 174/ 

diffuse reflectance (DRIFT), 165 
effects of cure and aging on scratch 

performance, 177, 178/ 
electro-coat (e-coat) layer, 212-213 
electron spin resonance (ESR) 

analysis, 170 
Fourier transform infrared (FTIR) 

analysis, 164-166 
FTIR for comparing rate of photo

oxidation, 171 
high performance liquid 

chromatography (HPLC) analysis, 
170 

innovation in paint weathering 
research, 374 

levels of complexity in systems, 187, 
189/ 

minimizing in-service risk of failure, 
177, 179-181 

monitoring clearcoats and multi-layer 
paint systems vs. exposure time, 
171, 177 

multi-layered systems, 188, 189/ 
photoacoustic spectroscopy (PAS), 

166 
photooxidation of thermoset acrylic 

vs. stabilizer content, 175/ 
photooxidation of thermoset acrylic 

vs. UVA concentration, 176/ 
Raman analysis, 167-168 
sampling techniques, 164-165 
scratch performance, 177, 178/ 
surface/near-surface characterization, 

188,190-194 
time-of-flight secondary ion mass 

spectrometry (TOF-SIMS) 
analysis, 168-169 

time-to-failure distribution function 
(TF), 179-180 

TOF-SIMS evaluating rate of 
photooxidation, 171, 177 

total internal reflection Raman 
spectroscopy, 168 

understanding chemistry, 186-187 
UVA permanence, 170-171 
UV-visible analysis, 169 
weathering failures, 163-164 
See also Depth profiling 

Β 

Benzophenone 
photochemistry, 254/ 
UV absorber, 251 

Benzotriazole 
photochemistry, 254/ 
UV absorber, 251 

Bidirectional distribution function 
(BRDF) 
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definition, 439-440 
surface reflection, 446-447 
See also Coating and surface 

appearance 
Bilayer coating samples, coefficients 

and activation energy, 113/ 
Binder variations. See Grain cracking 

of latex paints 
Birefringence, causes, 268 
Bridge coatings. See Polymeric bridge 

coatings 
Brown coil coated materials 

ANOVA table, 84/ 
effect of exposure angle on color and 

gloss change, 56-59 
main effects graph for, 80/ 81/ 
main effects graph for polystyrene, 

80/ 
Miami exposure effect, 57/ 58/ 
Phoenix exposure effect, 56/ 57/ 
summary results, 85/ 86/ 

BZT. See 2-(2'-
Hydroxyphenyl)benzotriazole 
(BZT) 

C 

Cavitation, cohesive ripping, 271, 
273/ 

Chemical pretreatment, variable, 75 
Clearcoats 

FTIR studies of photo-oxidation, 
171 

long-term weathering, 373-374 
monitoring as function of exposure, 

171, 177 
See also Fracture resistance of 

clearcoats; 2-(2'-
Hydroxyphenyl)benzotriazole 
(BZT) 

Coating and surface appearance 
anisotropic reflection, 445/ 
bidirectional distribution function 

(BRDF), 439-440 

comparison of measured and 
computed intensity distributions 
for rough sample, 442/ 

comparison of measured and 
computed intensity distributions 
for smooth sample, 442/ 

computer graphic images from 
spectral and reflectance data, 447, 
450 

computer graphic rendering, 446-
447,450 

epoxy sample preparation, 439 
goals and description of National 

Institute of Standards and 
Technology (NIST) appearance 
project, 438 

Kirchhoff approximation for surface 
reflectance, 443 

light scattering calculations and 
comparison with optical 
measurements, 440-443 

models characterizing light reflection 
from object's surface, 446 

Monte Carlo integration, 447 
optical scattering and surface 

topographical measurements, 439-
440 

Phong reflection model, 444/ 
reflectance and topographical 

measurements of epoxy coatings 
of varying roughness, 439^140 

rendering from reflectance data using 
Ray method and surface 
topographical map, 449/ 

surface reflection using BRDF, 446-
447 

synthetic image using BRDF 
extension to RADIANCE software 
and spectrogoniophotometric data, 
448/ 

Coatings 
changing mechanical properties with 

weathering, 375 
difficulty correlating laboratory and 

outdoor tests, 396-397 
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fundamental studies for improving, 
162-163 

minimizing in-service risk of failure, 
177,179-181 

needs of industry, 100-101 
understanding failures, 162-163 
See also Accelerated testing of 

coatings; Automotive coatings; 2-
(2'-Hydroxyphenyl)benzotriazole 
(BZT); Ultraviolet absorbers 
(UVA) 

Color, effect of exposure angle on 
brown coil coated cylinders, 56-59 

Colorimeter 
lamp posts in service environment, 

59-60 
results as function of azimuth angle, 

60/61/ 
Communication, data network, 92/ 
Computer program 
estimating dose, dosage, and material 

damage, 130 
See also Coating and surface 

appearance 
Computer program estimating 

degradation 
ablation, 426-427 
ablation, dosage, and damage, 428 
ablation site and spectral scaling 

options, 427/ 
adding damage sites to damage site 

table, 426/ 
automatic processing options, 432/ 
calculation of dosage, 417 
calculation of dosage, damage, and 

quantum yield, 420 
choosing zeroing sites in damage 

spectra, 424/ 
comparing results from different 

specimens, 432-433 
conditions in data-processing 

program, 434/ 
control parameters, 421 
correlation plot, 431/ 

correlations in damage spectra, 429-
431 

damage, 418 
damage/dosage plots, 434/ 
damage spectra intra-spectral 

correlations, 434/ 
database tables, 419-420 
entry buttons to select zeroing sites, 

423/ 
experimental considerations, 415— 

416 
fraction of sign reversals for non-

noisy curves, 430/ 
processing batch of specimens, 432 
process options screen, 422/ 
propagation of error, 417-̂ 418 
quantum yield, 419 
quantum yield versus filter 

wavelength, 433/ 
rationale, 416-417 
removing table of zeroing sites from 

view, 425/ 
sample damage plot, 431/ 
saving processing parameters, 432 
scale all IR spectra to control spectra, 

428 
screen for database table assignment, 

420/ 
screen for scroll through database, 

select specimen, and start 
processing, 421/ 

selecting damage sites in damage 
spectra, 424,426 

selecting zeroing sites for lamp and 
specimen UV-visible spectra, 
422/ 

setting noise levels and noise test, 
429/ 

setting options to calculate 
correlations in damage spectra, 
430/ 

signal versus noise, 428-429 
smoothing spectral curves, 428 
specimen thickness, 427 
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starting selection of sites in damage 
spectra for estimating damage, 
425/ 

subtracting control specimens, 427-
428 

zeroing damage (IR) spectra, 423-
424 

zeroing UV spectra, 421, 423 
zoomed damage/dosage plot, 435/ 
See also Degradation 

Conferences 
attendees, 476, 479 
service life prediction (SLP) 

methodology, 477 
steps for improving next conference, 

482-485 
summary of first (1997), 476-478 
summary of second (1999), 478-̂ 185 

Configuration, data network, 92/ 
Confirmation trials, screening 

procedure, 86-87 
Conformational preferences. See 2-(2'-

Hydroxyphenyl)benzotriazole 
(BZT) 

Corrosion protection 
basic theory of film thickness effects, 

327-328 
Bode plots for coated metal 

substrates, 321/ 
cyclic test methods, 317 
electrical noise methods (ENM) 

studies, 320, 322/ 
electrochemical impedance 

spectroscopy (EIS) methods, 318, 
320 

electrochemical testing, 318-323 
electro-coat (e-coat) layer, 212-213 
experimental details, 330-331 
experimental studies, 328-329 
exposure cabinet testing, 317,318/ 
exposure testing, 317 
field knowledge on film thickness 

effects, 325 
film resistivity, 327 
film thickness effects, 324-331 

film thickness measurements, 329-
330 

hygrothermal effects, 320, 323 
literature on film thickness effects, 

326-327 
noise resistance, R,,, calculation, 

327 
noise resistance, Rn, vs. immersion 

time for aircraft coatings, 323/ 
panels with green epoxy one-coat 

films, 330/ 
panels with green epoxy two-coat 

films, 330/ 
panels with red alkyd one-coat films, 

330/ 
plotting resistance vs. film thickness, 

328 
properties for organic coatings, 316— 

317 
schematic of multilayer film, 329/ 
test cell configurations for 

electrochemical measurements, 
319/ 

thermal test cycle, 324/ 
See also Lifetime prediction 

Coupled tanks. See Polymer 
hydrolysis 

Cracking 
paint films, 481 
See also Grain cracking of latex 

paints 
Crosslinked acrylic polyols 
coating samples, 108/ 
See also Accelerated testing of 

coatings 
Crystal structure. See 2-(2'-

Hydroxyphenyl)benzotriazole 
(BZT) 

Cumulative damage model. See Total 
effective dosage model 

Cumulative light dosage exposure, 
equation, 109 

Cure, scratch performance of 
automotive coatings, 177 

Cyanoacryiate 
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possible energy dissipation process, 
254/ 

UV absorber, 251 
Cycles. See Weather cycles and trends 

Damage 
calculation in computer program, 420 
correlations in spectra, 429-431 
damage/dosage plots, 434/ 
damage spectra intra-spectral 

correlations, 434/ 
equation, 418 
selecting sites in damage spectra, 

424,426 
zoomed damage/dosage plot, 435/ 
See also Computer program 

estimating degradation 
Database. See Computer program 

estimating degradation 
Data mining, definition, 94 
Data network. See Solar ultraviolet 

data network 
Degradation 
accelerated degradation test, 398-

400 
coating, 134, 136 
deterministic model, 404 
Device Β test, 399 
example of Device Β power drop 

degradation model, 404-408 
factors affecting ultraviolet absorber 

(UVA) rates, 259-260 
FTIR spectra of acrylic melamine 

coating before and after exposure, 
135/ 

future research areas, 411-412 
general approach to service life 

prediction in complicated 
environments, 402-403 

lamp posts in service environment, 
59-60 

model, 403-404 

nitrocellulose coated panels, 4 
polyethylene films, 5 
polysulphone films, 5 
power drop as function of time 

corresponding to simulated 
random temperature profile, 407/ 

power drop as function of time with 
brief temperature excursion, 406/ 

power drop as function of time with 
temperature change, 406/ 

power drop cumulative degradation 
paths, 408/ 

simulated random temperature 
profile, 407/ 

stochastic model, 404 
vinyl films, 4 
See also Computer program 

estimating degradation; Exposure 
angle considerations 

Delamination, understanding 
basecoat/clearcoat, 162 

Depth profiling 
analysis vs. appearance changes, 186 
attenuated total reflectance (ATR) 

mode, 199 
chemical changes vs. depth, 164 
chemical techniques, 194, 196 
coatings after exposure to QUV, UV-

only, and condensing humidity 
cycle conditions, 172/ 173/ 174/ 

diffuse reflectance (DRIFT)-mode 
using Si-Carb polishing technique, 
200 

flowchart for analysis by UV or 
HPLC analysis, 204/ 

high performance liquid 
chromatography (HPLC), 170, 203 

infrared analyses, 196-197, 199-201 
microtoming, 165 
PAS-mode IR measurements, 200-

201 
photoacoustic spectroscopy (PAS) 

linear scan experiments, 200 
potassium bromide abrasion 

technique, 197, 199 
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state of the art, 205 
techniques and technologies, 186 
transmission mode infrared, 197, 

198/ 
ultraviolet-visible analyses, 201, 

203 
UVA permanence in automotive 

coatings, 170-171 
UVA profile across automotive 

clearcoat/basecoat bilayer, 202/ 
UV-visible analysis, 169 
UV-vis profile of exposed acrylic-

melamine clearcoats, 206/ 207/ 
UV-vis sample preparation, 202/ 
See also Automotive coatings 

Design experiments 
field exposure results, 3-6 
philosophy, 3 

Deterministic degradation model, 404 
Deterministic environmental profile, 

service life distribution, 409 
Device Β test 
degradation, 399 
power drop predictions as function of 

temperature, 401/ 
See also Degradation 

Diffuse reflectance (DRIFT) 
automotive coatings, 165 
depth profiling, 200 
Si-Carb sampling for DRIFT, 198/ 
surface/near-surface analysis, 194 

Dosage 
calculation, 417 
calculation in computer program, 

420 
damage/dosage plots, 434/ 
equation, 120 
equation for total effective, 120-121 
experimental and fitting FTIR 

degradation data vs. dosage, 139/ 
flowchart displaying measurements 

for making assessments, 129/ 
photo-oxidation and crosslink chain 

scission vs. dosage, 136, 138/ 
software program, 130 

UV-visible and infrared 
transmittance measurements, 128, 
130 

zoomed damage/dosage plot, 435/ 
See also Total effective dosage 

model 
Drop in formulations, theory, 65 

Ε 

Electrical noise methods (ENM) 
studies, 320, 322/ 
See also Corrosion protection 

Electrochemical impedance 
spectroscopy (EIS) 

methods, 318-320 
See also Corrosion protection 

Electrochemical testing 
Bode plots for coated metal 

substrates, 321/ 
electrical noise methods (ENM) 

studies, 320, 322/ 
electrochemical impedance 

spectroscopy (EIS), 318, 320 
hygrothermal effects, 320, 323 
modulus vs. frequency, 321/ 
noise resistance vs. immersion time 

for aircraft coatings, 323/ 
phase angle vs. frequency, 321/ 
test cell configurations for 

measurements, 319/ 
thermal test cycle, 324/ 
See also Corrosion protection 

Electro-coat layer, paint systems, 212— 
213 

Electron spin resonance (ESR) 
amplitude of ESR signals after 

irradiation of commercial samples, 
312/313/ 

analysis of bridge coatings, 311-314 
coatings analysis, 170 
ESR spectra from bridge coating 

following different times of Xe-
irradiation, 313/ 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

Se
pt

em
be

r 
17

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 N
ov

em
be

r 
21

, 2
00

1 
| d

oi
: 1

0.
10

21
/b

k-
20

02
-0

80
5.

ix
00

2

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



497 

hindered amine light stabilizer 
(HALS) longevity, 235-236 

See also Polymeric bridge coatings 
EMMA. See Equatorial Mount with 

Mirrors for Acceleration (EMMA) 
Epoxy 
bridge coating samples, 30It 
electron spin resonance (ESR), 311-

314 
reflectance and topographical 

measurements of coatings of 
varying roughness, 439-440 

See also Coating and surface 
appearance; Marine epoxy 
coatings; Polymeric bridge 
coatings 

Equatorial Mount with Mirrors for 
Acceleration (EMMA) 

machines, 77 
natural accelerated weathering 

device, 74 
Errors 
exposure, 145 
propagation, 417-418 

Excited state intramolecular proton 
transfer (ESIPT), ultraviolet 
absorbers, 252,454 

Experimental design 
cube design, 68, 69/ 
field exposure experiments, 3-6 
square designs, 67 
temperature and relative humidity 

exposure, 130-131 
See also Total effective dosage 

model; Weathering experiments 
Exposure 
monitoring clearcoatings and multi

layer paint systems, 171, 177 
repeatability and reproducibility, 

145 
Exposure angle considerations 

air mass association with angle of 
incidence, 43 

angles of incidence at 26 degree 
south exposure angle, 40/ 

angles of incidence at 45 degree 
south exposure angle, 41/ 

angles of incidence for 90 degree 
south-facing surface in Arizona 
and Russia, 46/ 47/ 

calculation of solar angle of 
incidence, 37-38, 43 

colorimeter results for lamp posts as 
function of azimuth angle, 60/ 
61/ 

daily solar radiation, Miami, 48/ 
declination equation, 38 
distributions of historical yearly total 

UV radiation dosages for various 
angles facing due south, 50/ 51/ 
52/ 

effect on color and gloss change of 
brown coil coated cylinders, 56-59 

effect on development of yellowness 
in clear polystyrene reference 
materials, 53-55 

finished construction components 
after exposure in service 
environment, 59-60 

historical yearly total UV radiation 
measurements for 26 degree 
surface, 50/ 

lamp posts in service environment, 
59-60 

monthly solar radiation, Miami, 49/ 
radiation measurements as function 

of exposure angle, 43, 48 
solar angles of incidence, Miami, FL, 

39/ 
surface at 45 degrees slope angle 

facing southeast, 44/ 
surface at 45 degrees slope angle 

facing west, 45/ 
vertical, south-facing surface's solar 

angle of incidence, 42/ 
Exposure cells 
arrangement on exposure table and 

windows within cells, 124/ 
cross sectional schematic, 125, 126/ 

127/ 
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description, 122, 125, 128 
See also Total effective dosage 

model 

Failure, modes in paint systems, 375 
Failure models, creating for critical 

failure modes, 179-180 
Field exposure 
aerosols, 15 
air-surface temperature, 9, 12 
assessing in-service performance, 2 
cyclic behavior, 6, 8 
global air-surface temperature, 

annual and 5-year moving average, 
7/ 

information sources, 2 
precipitation, 12 
relative humidity, 12, 15 
representative air-surface 

temperature trends, 11/ 
Smithsonian Environmental 

Research Center's time series of 
annual mean daily dosage of 
global irradiance, 10/ 

spatial stability, 6 
Spearman rank correlation 

coefficient, 3, 6 
spectral analysis results for air-

surface temperature, 13/ 
spectral analysis results for 

precipitation, 14/ 
spectral ultraviolet radiation, 8-9 
temporal stability, 6 
testimonials, 3 
trend analysis for aerosols and 

tropospheric ozone, 17/ 
trend analysis results for atmospheric 

moisture, 16/ 
trends and cycles in weather element 

data, 6, 8 
typical spectral analysis output for 

weather element, 10/ 

well-designed and executed 
experiments, 3-6 

Film thickness 
basic theory, 327-328 
effects for corrosion protection, 324-

325 
estimating damage, 427 
experimental details, 330-331 
experimental studies, 328-329 
field knowledge of effects, 325 
film resistivity, 327 
literature, 326-327 
measurements, 329-330 
noise resistance, 327 
schematic of multilayer film, 329/ 
See also Corrosion protection 

Flaking, coated panels, 5 
Flexibility, experimental, integrating 

sphere UV chamber, 159 
Florida. See Exposure angle 

considerations 
Fluorescence. See 2-(2'-

Hydroxyphenyl)benzotriazole 
(BZT) 

Ford Motor Company. See Paint 
weathering research at Ford 

Ford Scientific 
photoacoustic spectroscopy (PAS), 

192, 194 
transmission mode infrared, 192, 

193/ 
Formulations, weathering of coatings, 

162 
Fourier transform infrared (FTIR) 
automotive coatings, 164-166 
photo-oxidation rates for coatings, 

171 
transmission mode as function of 

cumulative UV dose exposure, 
110-111, 112/ 

Fractional factorials 
application of, screening, 71-73 
L 1 6 array, 73/ 
screening, 70-71 
theory, 70-71 
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See also Weathering experiments 
Fracture mechanics, grain cracking, 

353-354 
Fracture resistance of clearcoats 
application to other failure modes, 

390,392 
brittle crack propagation, 382 
change in fracture energy mirroring 

chemical composition change, 
378, 382 

chemical composition and fracture 
energy changes for clearcoats in 
full paint systems, 391/ 

effect of extension rate on fracture 
energy of clearcoats in complete 
paint systems, 385/ 

experimental, 376-378 
exposure procedure, 376 
failure modes, 382 
fracture energy as function of 

accelerated weathering for three 
clearcoats in complete paint 
systems, 384/ 

fracture energy measurements, 377-
378 

fracture energy of clearcoats in 
complete paint systems as function 
of Florida exposure, 384/ 

fracture energy of isolated 
automotive clearcoats without 
weathering, 379/ 

fracture energy of isolated clearcoats 
as function of accelerated 
weathering, 380/ 381/ 

fracture energy of non-weathered 
clearcoats in complete paint 
systems, 383/ 

infrared spectroscopy method, 376-
377 

IR changes of clearcoats after 
accelerated weathering, 379/ 

isolated clearcoats vs. clearcoats in 
full paint systems, 382, 386-388 

materials, 376 
non-ideal cracking, 388-389 

outdoor exposure in Florida, 382, 
384/ 

sensitivity of fracture energy to 
extension rate, 382 

slow tearing of paint system from 
edges, 382 

stable crack propagation, 389 
tolerance of clearcoats to chemical 

change, 389-390 
Friction induced paint damage (FIPD) 

resistance 
measurement, 270-271 
thermoplastic olefin, 273/ 
See also Gouge resistance 

Gloss 
acrylic and alkyd coated panels, 5-6 
coated panels, 4 
design experiment, 4 
effect of exposure angle on brown 

coil coated cylinders, 56-59 
lamp posts results as function of 

azimuth angle, 60, 61/ 
Gouge resistance 
description, 271 
function of filler size, 279/ 
function of tensile strength of TPO, 

274/ 
function of TPO hardness, 276/ 
painted thermoplastic olefins, 272, 

273/ 
testing method, 270-271 

Grain cracking of latex paints 
binder variations, 358/, 362 
cracking vs. permeability, 367/ 
effect of artificial weathering on 

fracture energy, 368, 369f 
experimental, 354-356 
exterior exposure, 355 
fracture energy vs. exterior cracking 

for binder variations, 365/ 
fracture energy vs. exterior cracking 
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for pigment variations, 366/ 
fracture energy vs. lab cracking for 

binder variations, 363/ 
fracture energy vs. lab cracking for 

pigment variations, 364/ 
fracture mechanics, 353-354 
future work, 368, 370 
Griffith equations, 353-354 
laboratory simulation test, 355 
lab simulation of exterior cracking, 

357,362 
lab vs. exterior cracking for binder 

variations, 360/ 
lab vs. exterior cracking for pigment 

variations, 361/ 
occurrence, 351-353 
paint samples, 356 
permeability, 356 
pigment variations, 359/, 362, 368 
predicting, from material properties, 

362, 368 
proposed mechanism, 370 
summary of correlations, 367/ 
tensile testing, 355 
test panel preparation, 354-355 
Weather-Ometer, 356 
wood expansion and contraction, 

351-352 

H 

High performance liquid 
chromatography (HPLC) 

correlation of photo-sensitivity of 
coatings with structure, 314 

depth profiling, 203 
depth profiling of coatings, 170 
flowchart for depth profiling 

analysis, 204/ 
Hindered amine light stabilizer 

(HALS) 
clearcoat photo-oxidation resistance, 

233, 235-236 
conference notes, 480-481 

electron spin resonance (ESR) 
spectroscopy, 235-236 

long-term weathering of paints, 374 
peracid oxidation HALS analysis for 

in-plane slices of clearcoat in paint 
system, 237, 242/ 

total clearcoat HALS analysis for 
exposed paint systems, 238/ 239/ 

See also Paint weathering research at 
Ford 

Humidity. See Relative humidity 
Humidity-temperature generators, 

apparatus, 128 
Hydrolysis resistance, 481 
Hydrolytic degradation 
experimental considerations, 415-

416 
mathematical model, 469,472 
See also Computer program 

estimating degradation; Polymer 
hydrolysis 

2-(2'-Hydroxyphenyl) benzotriazole 
(BZT) 

calculations, 456 
chromophore, 454 
clearcoat preparation, 455-456 
computational results, 460-463 
correlation of absorption and 

emission spectra with 
photostability, 457-459 

crystal structure determination, 456 
crystal structure of BZT UVA 

Tinuvin® 928 [2-(-2»-hydroxy-5'-/-
octylphenyl) benzotriazole], 466/ 

excited-state intramolecular proton 
transfer (ESIPT) process, 454 

experimental, 455-456 
fluorescence emission spectra of 

BZT UVAs in model acrylic 
melamine clearcoat, 460/ 

histogram of substituent phenyl 
C(ipso)-0(methoxy) distance for 
2-(2'-methoxy-3,-[a-methyl-
benzyl]phenyl) benzotriazole, 463/ 

histogram of substituent phenyl 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

Se
pt

em
be

r 
17

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 N
ov

em
be

r 
21

, 2
00

1 
| d

oi
: 1

0.
10

21
/b

k-
20

02
-0

80
5.

ix
00

2

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



501 

C(ipso)-0(methoxy) distance for 
2-(2'-methoxy-3 -a-cumy Iphenyl) 
benzotriazole, 462/ 

Jablonski diagram and spectral 
characteristics of non-planar form 
of BZT UVAs, 458/ 

Jablonski diagram and spectral 
characteristics of planar form of 
BZT UVAs, 457/ 

loss rate determination, 456 
molecular dynamics simulations, 

462-463 
NMR results, 463-464 
NMR spectra, 456 
photoloss, 454^*55 
proton NMR spectra of model 

compounds, 464/ 465/ 
ratio of long to short wavelength 

absorption intensity for 3'-
substituted BZT UVAs in various 
solvents, 459/ 

relative loss rates for 3'-substituted 
BZT UVAs in model acrylic 
melamine clearcoat subjected to 
accelerated weathering, 459/ 

relative stability of conformers of 2-
α-cumyl phenol, 461/ 

relevant conformations of model 
compound 2-a-cumyl phenol, 461/ 

rotomeric equilibrium between 
planar and non-planar form of 
BZT UVAs, 455/ 

solid-state structure determination, 
464-465 

UV absorbers (UVA), 456 
UV-vis and fluorescence spectra, 456 

Infrared analyses 
attenuated total reflectance (ATR), 

190, 191/ 
correlation of photo-sensitivity of 

coatings with structure, 314 

depth analysis, 165 
diffuse reflectance (DRIFT), 194, 

198/ 
method selection, 188 
photoacoustic spectroscopy (PAS), 

192, 194, 195/ 
surface/near-surface characterization, 

188, 190-194 
transmission mode, 190, 192, 193/ 
zeroing damage (IR) spectra in 

computer program, 423-424 
Injection molding 
conditions, 268-269 
molecular orientation, 268 
optical birefringence, 268 
thermoplastic olefins, 269 
See also Thermoplastic olefin (TPO) 

Integrating sphere 
comparison of output from right and 

left exit ports on 50.8 cm, 155/ 
current laboratory UV weathering 

instrumentation, 145-146 
dichroic reflectors in lamp housings, 

152 
diffuse reflecting coating, 148 
exchange of radiation between two 

diffuse surface elements, 150/ 
exchange of radiation in spherical 

enclosure, 150/ 
experimental flexibility, 159 
factors affecting reproducibility and 

repeatability of current UV 
chambers, 146-148 

improvements with, 158-159 
photograph and schematic of NIST 1 

m sphere, 153/ 
physical significance, 149, 151 
proposed lamp system, 152 
proposed specimen chamber with 

capability for specimen loading, 
157/ 

removal of radiation below 290 nm, 
158 

removal of visible and IR radiation 
from radiant flux, 158 
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schematic of 50.8 cm, 155/ 
schematic of typical cone 

concentrator, 157/ 
simplicity in design and accessibility 

to light source, 158 
spatial irradiance uniformity, 148, 

158 
spectral output for lamp system in 2 

m, 154/ 
temporal irradiance monitoring and 

control, 158 
temporal variation, 147-148 
theory, 148-151 
throughput at given port, 151 
ultraviolet chamber, 152, 156 
unnatural exposure conditions, 147 
wavelength regions for greatest 

degree of Lambertian reflectance, 
151 

Internet 
data network configuration, 92/ 
solar UV-B data network home page, 

94/ 
Interphase region 
definition, 282 
elastomer/polypropylene allow under 

applied load, 283/ 
Irradiance (IRR), variable, 75 

J 

Jablonski diagram. See 2-(2'-
Hydroxyphenyl)benzotriazole 
(BZT) 

Κ 

Kinetics, ultraviolet absorber 
photodegradation, 254-255, 258 

Kirchhoff approximation, surface 
reflectance, 443 

Lambertian reflectance, wavelength 
region for greatest degree of, 151 

Lamp posts 
colorimeter results as function of 

azimuth angle, 60/ 61/ 
exposure in service environment, 59-

60 
Laser induced decohesion 

spectroscopy (LIDS), fracture 
energy of basecoat/clearcoat 
interface, 375 

Latex paints. See Grain cracking of 
latex paints 

Lifetime, ultraviolet absorber (UVA) 
loss, 260-262 

Lifetime prediction 
aircraft coatings, 345 
alkyd marine coating systems, 334-

335,337 
data analysis, 331-333 
estimated time to failure vs. failure 

resistance for aircraft coating 
systems, 345/ 

estimated time to failure vs. 
resistance at failure for aircraft 
primer, 345/ 

impedance decay constant vs. film 
thickness for 1- and 2-coat epoxy 
marine coatings, 343/ 

impedance modulus, |Z|, 331-333 
impedance resistivity vs. time for 1-

and 2-coat epoxy marine coatings, 
339/ 340/ 

impedance resistivity vs. time for 1-
coat epoxy marine coatings, 338/ 

impedance resistivity vs. time for 2-
coat epoxy marine coatings, 339/ 

impedance resistivity vs. time for 
alkyd marine coatings, 336/ 

lifetime to failure estimations for 
alkyd marine coatings, 337/ 
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lifetime to failure estimations from 
R n data for marine epoxy coatings, 
344/ 

lifetime to failure estimations from 
|Z| data for marine epoxy coatings, 
343/ 

marine epoxy coatings, 338, 342, 345 
noise decay constant vs. film 

thickness for 1- and 2-coat epoxy 
marine coatings, 344/ 

noise resistance, Rn, 331-333 
noise resistivity vs. time for 1- and 2-

coat epoxy marine coatings, 341/ 
342/ 

noise resistivity vs. time for 1-coat 
epoxy marine coatings, 340/ 

noise resistivity vs. time for 2-coat 
epoxy marine coatings, 341/ 

R n vs. time for alkyd marine coatings 
at different film thickness, 336/ 

time dependence of electrochemical 
properties |Z| and R n , 333-334 

|Z| vs. time for alkyd marine coatings 
for different film thickness, 335/ 

See also Corrosion protection 
Light scattering, surface reflectance, 

440-443 

M 

Manufacturing, service life, 414 
Marine epoxy coatings 
impedance decay constant vs. film 

thickness for 1- and 2-coat, 343/ 
impedance resistivity vs. time for 1-

and 2-coat, 339/ 340/ 
impedance resistivity vs. time for 1-

coat, 338/ 
impedance resistivity vs. time for 2-

coat, 339/ 
lifetime prediction studies, 338, 342, 

345 
lifetime-to-failure estimations from 

impedance modulus data, 343/ 

lifetime-to-failure estimations from 
noise resistance, Rn, data, 344/ 

noise decay constant vs. film 
thickness for 1- and 2-coat, 344/ 

noise resistivity vs. time for 1- and 2-
coat, 341/342/ 

noise resistivity vs. time for 1-coat, 
340/ 

noise resistivity vs. time for 2-coat, 
341/ 

See also Lifetime prediction 
Material lifetime, ultraviolet absorber 

(UVA) loss, 260-262 
Mechanism, grain cracking, 370 
Melamine, chemical hydrolysis, 469 
Metallic-aluminum containing paint 
bridge coating samples, 301/ 
electron spin resonance (ESR), 311-

314 
See also Polymeric bridge coatings 

Meteorological stations, spectral 
ultraviolet radiation, 8 

Miami 
daily solar radiation, 48/ 
monthly solar radiation, 49/ 
See also Exposure angle 

considerations 
Microtoming 
technique for depth profiling, 165 
See also Depth profiling 

Micro-transmission infrared 
spectroscopy, photo-oxidation rate 
measurements for paint systems, 
219-221 

Micro-transmission ultraviolet 
spectroscopy, clearcoat UVA UV 
absorbance in intact paint, 233, 
234/ 

Models. See Accelerated tests; 
Coating and surface appearance; 
Grain cracking of latex paints; 
Polymer hydrolysis; Total effective 
dosage model 

Molecular dynamics simulations, 
substituted 2-(2'-hydroxyphenyl) 
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benzotriazole (BZT), 462-463 
Monte Carlo integration, rendering, 

447 

Ν 

National Institute of Standards and 
Technology (NIST) 

appearance project, 438 
integrating sphere based UV 

chamber, 152, 156 
photoreactor, 415-416 
schematic of NIST 2 m integrating 

sphere, 153/ 
See also Integrating sphere; Solar 

ultraviolet data network 
National Renewable Energy 

Laboratory (NREL) 
exposing organic materials to solar 

UV, 101 
See also Ultraviolet concentrator 

Near-surface analysis, photoacoustic 
spectroscopy and diffuse 
reflectance, 166 

Network, data. See Solar ultraviolet 
data network 

Nighttime soak (NTS), variable, 75 
Nitrocellulose coated panels, design 

experiment, 4 
Nuclear magnetic resonance (NMR) 

correlation of photo-sensitivity of 
coatings with structure, 314 

See also 2-(2-
Hydroxyphenyl)benzotriazole 
(BZT) 

Ο 

On-off trials, theory, 64-65 
Optical birefringence, injection 

molding, 268 
Optical measurements, surface 

reflectance, 440-443 

Organic coatings. See Corrosion 
protection 

Outdoor exposure test (OET), 
comparison with accelerated tests, 
113,115 

Oven pretreatment (OVN), variable, 
75 

Oxanilide, UV absorber, 251 
Ozone, trend analysis for tropospheric, 

17/ 

Paint 
cracking of films, 481 
See also Grain cracking of latex 

paints 
Paint systems 
automotive, 212-213 
chemical behavior of monocoat and 

clearcoat/basecoat during 
exposure, 214 

decreasing reliability of accelerated 
weathering results, 213 

difficulty correlating laboratory and 
outdoor tests, 396-397 

fundamental differences in 
weathering behavior of monocoat 
and clearcoat/basecoat systems, 
214 

physical behavior of monocoat and 
clearcoat/basecoat during 
exposure, 213-214 

reducing risk of placing inferior, in 
service, 213 

Paint weathering research at Ford 
340 nm region UV absorbance for in-

plane slices of paint system 13, 
241/ 

accelerated weathering exposure 
conditions, 237, 244, 247 

clearcoat absorbance behavior as 
function of Florida exposure for 
paint systems, 231/ 
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clearcoat fracture energy for 3-year 
Florida exposure paint system 13, 
243/ 

description of paint system 13, 237 
electron spin resonance (ESR) 

spectroscopy, 235-236 
film loss rates, 215-216 
hindered amine light stabilizer 

(HALS), 233, 235-236 
imaging time-of-flight secondary ion 

mass spectroscopy (TOF-SIMS), 
222,224,227 

micro-transmission infrared 
spectroscopy, 219, 221 

micro-transmission UV 
spectroscopy, 233, 234/ 

180"-ion images for 3-year Florida 
exposure paint systems, 224, 226/ 

180"-ion images for 5-year Florida 
exposure panel, 224, 225/ 

180"-ion images identifying high-risk 
paint systems, 227 

PAS-FTIR values for clearcoat over 
waterborne basecoat with and 
without clearcoat UV absorber 
(UVA), 246/ 

PAS-FTIR values per 5000 hours 
exposure for clearcoats over 
basecoats, 223/ 

peracid oxidation HALS analysis for 
in-plane slices of clearcoat of paint 
system 13,242/ 

photoacoustic infrared spectroscopy 
(PAS-FTIR), 221-222 

photoacoustic UV spectroscopy 
(PAS-UV), 230,232/ 

photo-oxidation, UVA, and HALS 
maps, 236-237 

photo-oxidation rate measurements, 
215-227 

solvent extraction analysis, 228, 230 
total clearcoat HALS analysis as 

function of outdoor exposure, 
238/ 239/ 

transmission FTIR for in-plane slices 
of paint system 13, 240/ 

transmission FTIR values and film 
loss values per 5000 hours 
exposure, 217/218/ 

transmission infrared spectroscopy 
for photooxidation rate, 215-216 

transmission UV spectroscopy, 227-
228 

typical micro-transmission IR results, 
220/ 

ultraviolet light absorber, 227-233 
UV spectra of additive free 

clearcoats, 245/ 
UVA absorbance loss rates for 

isolated clearcoats, 229/ 
Particle size distributions 
average densities of coated Ti0 2 

samples, 296 
criteria for selecting field-flow 

fractionation (FFF) carrier liquid, 
293 

FFF carrier liquid, 291 
illustration of curved ribbon-like 

channel in sedimentation FFF, 
288/ 

instrumentation, 291-292 
long-term stability of T i0 2 sample, 

293 
PCS analyses method, 292 
PCS and SdFFF diameters of 

bimodal Ti0 2 samples, 296/ 
PCS results for two Ti0 2 samples, 

294/ 
photon correlation spectroscopy 

(PCS), 287 
sample preparation crucial for 

accuracy and reproducibility, 292-
293 

samples and sample preparation, 291 
schematic diagram of PCS apparatus, 

288/ 
SdFFF analyses method, 292 
SdFFF and PCS advantages, 296 
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sedimentation field-flow 
fractionation (SdFFF), 286-287 

superimposed SdFFF fractograms of 
two T i0 2 samples, 295/ 

superimposed SdFFF PSD curves of 
two T i0 2 samples, 295/ 

techniques, 286-287 
theory of PCS and equations, 290 
theory of SdFFF and equations, 287, 

289 
Philosophy, design experiments, 3 
Phoenix. See Exposure angle 

considerations 
Photoacoustic spectroscopy (PAS) 
acrylic/melamine-based clearcoat 

subjected to QUV FS-40 exposure, 
195/ 

automotive coatings, 166 
commercial multi-layered 

automotive coating systems, 195/ 
linear scan experiments, 200 
measurements characterizing 

paint/coating systems, 200-201 
monitoring chemical changes, 192, 

194 
PAS-FTIR spectroscopy for photo

oxidation rates of paint systems, 
221-222,223/ 

PAS-FTIR values for clearcoat over 
waterborne basecoat with and 
without clearcoat UVA, 244,246/ 

PAS-UV measuring clearcoat UVA 
absorbance, 230, 232/ 

Photochemical reactions, bulk vs. 
surface, 111 

Photochemistry. See Total effective 
dosage model 

Photodegradation, kinetics of 
ultraviolet absorber, 254-255,258 

Photolytic degradation 
experimental considerations, 415-

416 
See also Computer program 

estimating degradation 
Photon correlation spectroscopy (PCS) 

analyses method, 292 
particle sizing technique, 287 
sample preparation, 291,293 
schematic diagram of PCS apparatus, 

288/ 
theory and equations, 290 
Ti0 2 samples, 294/ 
See also Particle size distributions 

Photo-oxidation rates 
imaging time-of-flight secondary ion 

mass spectroscopy, 222,224,227 
micro-transmission infrared 

spectroscopy, 219-221 
photoacoustic infrared spectroscopy, 

221-222,223/ 
transmission infrared spectroscopy, 

215-216,217/218/ 
See also Paint weathering research at 

Ford 
Photophysics, ultraviolet absorbers, 

252,254 
Photostability. See 2-(2'-

Hydroxyphenyl)benzotriazole 
(BZT) 

Pigment variations. See Grain 
cracking of latex paints 

Plastics. See Ultraviolet absorbers 
(UVA) 

Polycarbonate, UV-stabilized, 
coefficients and activation energy, 
115/ 

Polyethylene films, degradation, 5 
Polymer hydrolysis 
chemical hydrolysis of melamine, 

469 
concepts, 472^73 
generation of free-amine, 468 
hydrological changes from FTIR 

spectroscopy, 470/ 471/ 
hydrolysis sequence, 472 
mathematical model, 469,472 
parameters, 472 
region of oscillation, 474/ 
single tank, 472-473 
three coupled tanks, 4ΊΑ-Λ15 
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two coupled tanks, 473 
Polymeric bridge coatings 
absorption of UV light by Beer's law, 

305 
amplitude of ESR signals after Xe-

light irradiation on commercial 
samples, 312/313/ 

chemical and physical changes, 300 
coating samples, 301/ 
comparing depth profile of defect 

parameter and loss of free-volume 
hole fraction vs. positron incident 
energy, 310/ 

comparison of loss of free-volume 
hole fraction vs. positron incident 
energy in three samples, 311/ 

correlation of photo-sensitivity with 
molecular structures, 314 

defect sizes and distributions as 
function of distance from surface, 
300 

durability, 300 
electron spin resonance (ESR) 

spectroscopy, 311-314 
ESR spectra from coating following 

different times of Xe-irradiation, 
313/ 

experimental, 300-302 
free-volume hole radius and intensity 

vs. positron incident energy in 
samples, 307/ 308/ 309/ 

magnitude of S-parameter reduction 
vs. positron incident energy, 304/ 

microscopic physical defects, 300 
positron annihilation spectroscopy 

(PAS), 302-306 
reduction of S parameter vs. mean 

depth from surface, 305/ 
S-defect parameter vs. positron 

incident energy in un-irradiated 
and irradiated samples, 303/ 304/ 

service life, 299 
slow positron annihilation lifetime 

(PAL) experiments, 306 
Polymeric materials 

service life performance, 18 
See also Field exposure 

Poly(methyl methacrylate) (PMMA) 
absorbance of film containing 

ultraviolet absorber (UVA), 256/ 
loss of absorbance in silicone 

hardcoat upon Florida weathering, 
259/ 

loss of absorbance in silicone 
hardcoat upon outdoor exposure, 
258/ 

rates of UVA loss upon xenon arc 
exposure, 259/ 

See also Ultraviolet absorbers (UVA) 
Polypropylene (PP). See 

Thermoplastic olefin (TPO) 
Polystyrene 

ANOVA table for delta yellowness 
index, 83/ 

confirmation trials, 87 
effect of exposure angle on 

yellowness development, 53-55 
main effects graph for yellowness 

index values, 80/ 
summary for delta yellowness index, 

85/ 
Polysulphone films, degradation, 5 
Polyurethane 
bridge coating samples, 301/ 
electron spin resonance (ESR), 311-

314 
positron annihilation spectroscopy 

(PAS), 302-306 
See also Polymeric bridge coatings 

Polyvinyl chloride), coefficients and 
activation energy, 115/ 

Positron annihilation spectroscopy 
(PAS) 

absorption of UV by Beer's law, 305 
analysis of bridge coatings, 302-306 
comparing loss of free-volume hole 

fraction vs. positron incident 
energy in coatings, 311/ 

comparison of reduction in defect 
parameter and loss of free-volume 
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hole fraction vs. positron incident 
energy, 310/ 

free-volume hole radius and intensity 
vs. positron incident energy in 
samples, 307/ 308/ 309/ 

magnitude of S-parameter reduction, 
304/ 

reduction of S-parameter vs. mean 
depth from surface, 305/ 

S-defect parameter vs. positron 
incident energy in un-irradiated 
and irradiated samples, 303/ 304/ 

slow positron annihilation lifetime 
(PAL) experiments, 306 

See also Polymeric bridge coatings 
Power drop degradation model 
example, 404-405, 408 
power drop as function of time 

corresponding to simulated 
random temperature profile, 
407/ 

power drop as function of time with 
brief temperature excursion, 
406/ 

power drop as function of time with 
temperature change, 406/ 

power drop cumulative degradation 
paths, 408/ 

simulated random temperature 
profile, 407/ 

See also Degradation 
Precipitation 
spectral analysis, 14/ 
time series data, 12 

Pulsing. See Polymer hydrolysis 

Q 

Quantum yield 
calculation in computer program, 

420 
equation, 419 
versus filter wavelength, 433/ 

R 

Radiation 
measurements as function of 

exposure angle, 43, 48 
spectral ultraviolet, 8-9 

Raman spectroscopy 
paint/coating system, 167-168 
total internal reflection, 168 

Ramp experiments, theory, 65-67 
Ray method, surface reflectance, 441, 

443 
Reflectance data. See Coating and 

surface appearance 
Relative humidity 
atmospheric corrosion, 23-24 
cycles and trends, 12, 15 
trend analysis, 16/ 

Rendering 
basic steps in creating computer 

graphic picture, 446 
computer graphic images from 

spectral and reflectance data, 447, 
450 

model characterizing light reflection 
from object's surface, 446-447 

Monte Carlo integration, 447 
reflectance data from Ray method 

and surface topographical map, 
449/ 

requirements, 446 
synthetic image using bidirectional 

distribution function (BRDF), 
448/ 

See also Coating and surface 
appearance 

Repeatability, factors affecting, in 
ultraviolet chambers, 146-148 

Reproducibility, factors affecting, in 
ultraviolet chambers, 146-148 

Robertson-Berger meter, radiometer, 
8-9 

Roughness. See Coating and surface 
appearance 
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Scratch analysis 
automotive coatings, 177, 178/ 
function of surface hardness, 281, 

282/ 
method, 270 
unpainted filled thermoplastic olefin 

(TPO) samples, 279, 281/ 
Screening 
analysis using F test, 81-82 
ANOVA analysis of step 8, 81-83 
confirmation trials, 86-87 
EMMA natural accelerated 

weathering device, 74 
Equatorial Mount with Mirrors for 

Acceleration (EMMA), 77 
experimental for step 1, 74 
experimental for step 2, 74-75 
experimental for step 3, 76 
experimental for step 4, 76-77 
experimental for step 5, 77, 78/ 
experimental for step 6, 77-78, 79/ 
experimental for step 7, 78 
experimental for step 8, 79-83 
experimental for step 9, 85 
experimental for step 10, 86-87 
fractional factorials, 70-71 
graphical technique of step 8, 

79-80 
ten-step procedure, 72-73 
visual review of step 8, 79 
See also Weathering experiments 

Secondary ion mass spectrometry 
(SIMS), paint/coating systems, 
168-169 

Sedimentation field-flow fractionation 
(SdFFF) 

advantages, 296 
analyses method, 292 
diameters of bimodal T i0 2 samples, 

296/ 
FFF carrier liquid, 291 
illustration of curved ribbon-like 

channel, 288/ 

particle sizing technique, 286-287 
superimposed SdFFF fractograms of 

T i0 2 samples, 295/ 
superimposed SdFFF particle size 

distribution curves of T i0 2 

samples, 295/ 
theory and equations, 287, 289 
See also Particle size distributions 

Service environment, lamp posts, 59-
61 

Service life 
bridge coatings, 299 
polymeric materials, 18 
stabilization system, 454 
See also Field exposure 

Service life distributions 
alternative representation for 

unconditional probability of 
failure, 410 

deterministic environmental profile, 
409 

failure-time distribution for 
degradation model, 408-409 

stochastic environmental profile, 
409-410 

time transformation function with 
stochastic environmental profiles, 
411 

Service life prediction (SLP) 
expected service environment, 415 
general approach in complicated 

environments, 402-403 
manufacturing, 414 
testing, 414-415 
See also Automotive coatings; 

Corrosion protection; Degradation; 
Exposure angle considerations 

Si-Carb sampling technique, diffuse 
reflectance (DRIFT), 165, 200 

Signal/noise, computer program, 428-
429 

Simulations. See 2-(2f-
Hydroxyphenyl)benzotriazole 
(BZT); Grain cracking of latex 
paints 
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Single variable experiments, theory, 
64-67 

Skiving technique 
sampling exposed specimens, 110-

111 
transmission infrared, 164-165 

Smithsonian Environmental Research 
Center (SERC) 

meteorological stations, 8 
radiometer, 9 
See also Solar ultraviolet data 

network 
Soak-freeze-thaw pretreatment (SFT), 

variable, 75 
Software program, dose, dosage, and 

material damage, 130 
Solar simulators 
apparatus, 122 
schematic, 123/ 
spatial irradiance uniformity of right 

and left, 132/ 133/ 
See also Total effective dosage 

model 
Solar ultraviolet data network 
configuration and communication, 

92/ 
database tables and data elements, 

95/ 
data distribution, 92-93 
data mining, 94 
data requirements, 90-96 
future network expansion and 

improvements, 96 
importance of data sharing, 93-94 
model for data sharing-data 

integration, 97/ 
National Institute of Standards and 

Technology (NIST), 89-90 
NIST solar data network sites, 

existing, 91/ 
NIST solar UV-B data network data 

elements, 91/ 
NIST solar UV-B data network home 

page, 94/ 
operation and quality control, 90-92 

SERC SRI 8 data processing steps, 
93/ 

Smithsonian Environmental 
Research Center (SERC), 89-90 

summary data for daily irradiance, 
96/ 

summary data of yearly average 
ambient temperature, 95/ 

UV radiation causing weathering, 89 
Solid-state structure, commercial 2-

(2'-hydroxyphenyl) benzotriazole 
(BZT) UV absorber, 464-465,466/ 

Solvent extraction analysis 
clearcoat absorbance behavior for 

paint systems as function of 
Florida exposure, 231/ 

UVA content in clearcoat, 228, 230 
Spar varnishes, failures, 4 
Spatial irradiance uniformity 
integrating sphere UV chamber, 158 
reproducibility and repeatability, 148 

Spatial stability, weather elements, 6 
Spearman rank correlation coefficient 
coated specimens, 6 
degree of agreement, 3 

Specimens surfaces during irradiation 
(SPR), variable, 75 

Spectral irradiance, time-dependent 
incident, 109-110 

Spectral ultraviolet radiation 
meteorological stations, 8 
Robertson-Berger meter, 8-9 
Smithsonian Environmental 

Research Center (SERC), 8-9 
time series of annual mean daily total 

dosage of global irradiance 
(SERC), 10/ 

Stochastic degradation model, 404 
Stochastic environmental profile 
service life distribution, 409-410 
time transformation function, 411 

Stress factors, testing, 414^115 
Structure. See2-(2-

Hydroxyphenyl)benzotriazole 
(BZT) 
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Sun. See Spectral ultraviolet radiation 
Sunlight, concentrated. See 

Accelerated testing of coatings 
Surface. See Coating and surface 

appearance 
Surface fouling, conference notes, 481 
Surface hardness, scratch resistance in 

thermoplastic olefin, 281, 282/ 
Surface moisture 
atmospheric corrosion, 23-24 
deposition of pollutants, 29-30 
See also Atmospheric corrosion 

Surface reflectance. See Coating and 
surface appearance 

Systematic errors, exposure, 145 

Τ 

Tanks, coupled. See Polymer 
hydrolysis 

Temperature, simple, acceleration, 
400-401 

Temporal irradiance, integrating 
sphere UV chamber, 158 

Temporal stability, trends and cycles, 
6 

Temporal variation, reproducibility 
and repeatability, 147-148 

Tensile strength 
boundary layer depth, 275/ 
design experiment, 4 
gouge resistance as function of, 274/ 
testing method, 269-270 

Testimonials, field exposure results, 3 
Testing 
stress factors, 414-415 
See also Accelerated testing of 

coatings 
Thermoplastic olefin (TPO) 
cavitation in 

elastomer/polypropylene allow 
under applied load, 283/ 

conditions for injection molding, 269 
fillers and fracture, 279 

FIPD (friction induced paint 
damage), 271,273/ 

FIPD resistance method, 270-271 
gouge resistance as function of filler 

size, 279/ 
gouge resistance as function of 

tensile strength of TPO, 274/ 
gouge resistance as function of TPO 

hardness, 275,276/ 
gouge resistance of painted polymer 

blends, 272, 273/ 
injection molding, 268-269 
interphase development with 

elastomer/polypropylene matrix, 
275,277/ 

interphase region definition, 282 
microstructures of semi-crystalline 

polymers, 267 
optical microscopy analysis method, 

270 
physical properties of filled TPO 

plaques, 278/ 
physical properties of TPO 

components, 271/ 
physical properties of unfilled TPO 

plaques, 272/ 
physical testing methods, 269-270 
preparation, 269 
scanning electron microscopy (SEM) 

fracture of filled TPO as function 
of injection velocity, 280/ 

scratch analysis of unpainted plastic, 
279,281/ 

scratch resistance as function of 
surface hardness, 281, 282/ 

scratch testing method, 270 
tensile strength as function of 

boundary layer depth, 274, 275/ 
weak boundary layer, 267-268 

Thin layer volume element 
infrared analyses, 188, 190-194 
ultraviolet-visible analysis, 194 

Three variable experiments, theory, 
68, 69/ 

Time of conduction (TOC) 
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adoption of concept, 33 
definition, 32 

Time-of-flight secondary ion mass 
spectrometry (TOF-SIMS) 

evaluating rate of photo-oxidation, 
171, 177 

imaging TOF-SIMS for photo
oxidation of paint systems, 222, 
224,227 

180*-ion images for 3-year Florida 
exposure paint systems, 226/ 

180"-ion images for 5-year Florida 
exposure panel, 225/ 

1 80'-ion images identifying high-risk 
paint systems, 227 

paint/coating systems, 168-169 
Time of wetness (TOW) 
atmospheric corrosion, 23-24 
description, 24 
effects of temperature differences 

and radiation conditions, 30, 31/ 
generalized definition, 33 
limitations of ISO 9223 standard for 

estimating, 28-30, 33 
new definition, 31-32 
using TOW, 32 
WETCORR (wetness and corrosion 

rate recorder) system, 30-32 
See also Atmospheric corrosion 

Time transformation model, 
acceleration model, 401-402 

Titanium dioxide. See Particle size 
distributions 

Total effective dosage model 
arrangement of exposure cells on 

exposure table and windows 
within each cell, 124/ 

basis in photochemistry, 119-120 
coating degradation, 134, 136 
coating preparation, 121-122 
cross sectional schematic of exposure 

cell, 126/ 127/ 
dosage and apparent spectral 

quantum yield calculation 
computer program, 130 

dosage and dose, 128 
environmental characterization, 131, 

134 
experiment, 121-122 
experimental and fitting FTIR 

degradation data vs. dosage, 
139/ 

experimental design, 130-131 
exposure cells, 122, 125, 128 
flowchart displaying measurements 

for making dosage and damage 
assessments, 129/ 

FTIR intensity changes vs. exposure 
time, 137/ 

FTIR spectra of acrylic melamine 
coating before and after aging, 
135/ 

humidity-temperature generators, 
128 

linking field and laboratory 
photodegradation, 119-120 

photo-oxidation and crosslink change 
scission vs. dosage for specimens, 
138/ 

solar simulators, 122, 123/ 
spatial irradiance uniformity of right 

and left solar simulators, 132/ 
133/ 

spatial uniformity, collimation, and 
temporal stability of UV-visible 
light source, 131, 134 

temporal control of temperature and 
relative humidity within exposure 
cells, 134 

temporal stability of interference 
filters, quartz disk, and calcium 
fluoride disk, 134 

theory, 120-121 
total effective dosage and apparent 

spectral quantum yield, 136, 140 
typical apparent spectral quantum 

yield curves for oxidation and 
crosslink chain scission of 
coatings, 141/ 

UV-visible and infrared 
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transmittance measurements, 128, 
130 

Transmission infrared 
acrylic/melamine/styrene-based 

automotive clearcoat system, 193/ 
automotive clearcoats vs. accelerated 

exposure conditions, 192, 193/ 
automotive coatings, 164-165 
cross-section view of Ford, analysis, 

193/ 
depth profiling, 197, 198/ 
micro-transmission IR spectroscopy, 

219-221 
photo-oxidation rate measurements 

of paint systems, 215-216,217/ 
218/ 

sampling techniques for surface/near-
surface characterization, 190 

transmission FTIR for in-plane slices 
of paint system, 237, 240/ 

Transmission ultraviolet spectroscopy 
UVA absorbance loss rates for 

isolated clearcoats, 229/ 
UVA longevity in clearcoat, 227-228 

Trend 
definition, 6 
See also Weather cycles and trends 

Triazine, UV absorber, 251 
Tropospheric ozone, trend analysis, 

17/ 
Two variable experiments, theory, 67, 

68/ 

U 

Ultraviolet absorbers (UVA) 
absorbance, transmission, and 

integrated transmission for 
hypothetical coating, 261/ 

absorbance of PMMA film with 2-
hydroxy-4-octyloxybenzophenone 
upon exposure to xenon arc 
weathering, 256/ 

calculated failure times for 
hypothetical coating systems, 262, 
263/ 

calculated UVA loss for highly 
absorbing coating as first order 
kinetics, 257/ 

calculated UVA loss for highly 
absorbing coating as zero order 
kinetics, 257/ 

conference notes, 480-481 
descriptions of lifetime, 258 
effect of UVA loss on material 

lifetime, 260-262 
excited state intramolecular proton 

transfer (ESIPT), 252 
factors affecting degradation rates, 

259-260 
first order kinetics, 255 
hindered amine light stabilizers 

(HALS), 260 
kinetics of UVA photodegradation, 

254-255,258 
long-term weathering of paints, 374 
loss of absorbance in silicone 

hardcoat upon outdoor exposure, 
258/ 

loss of UVA from top of silicone 
hardcoat upon Florida weathering, 
259/ 

micro-transmission UV 
spectroscopy, 233, 234/ 

photoacoustic ultraviolet 
spectroscopy, 230,232/ 

photochemistry of benzophenone and 
benzotriazole UVAs, 254/ 

photophysics, 252, 254 
photostability, 251 
possible energy dissipation process 

for cyanoacrylate UVAs, 254/ 
proton-transfer process in protic 

UVAs, 253/ 
rates of UVA loss in various matrices 

upon borosilicate-filtered xenon 
arc exposure, 259/ 
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schematic of energy dissipation 
mechanism for protic UVAs, 253/ 

solvent extraction analysis, 228, 230, 
231/ 

structures of commonly used UVAs, 
251/ 

transmission ultraviolet 
spectroscopy, 227-228, 229/ 

transmitted light doses for 
hypothetical coatings, 263/ 

UVA stability and coating lifetimes, 
261 

zero order kinetics, 255 
See also2-(2-

Hydroxyphenyl)benzotriazole 
(BZT); Paint weathering research 
at Ford 

Ultraviolet chamber 
factors affecting reproducibility and 

repeatability, 146-148 
integrating sphere based, 152, 156 
laboratory weathering, 145 
spatial irradiance uniformity, 148 
systematic errors, 145 
temporal variation, 147-148 
unnatural exposure conditions, 147 
See also Integrating sphere 

Ultraviolet concentrator 
measurement of UV exposure, 106 
measuring flux profile, 104, 105/ 
National Renewable Energy 

Laboratory (NREL), 101, 104 
sample exposure chamber, 104, 106, 

107/ 
sample exposures, 106, 108-109 
schematic, 102/ 
spectral irradiance at sample 

exposure plane, 103/ 
See also Accelerated testing of 

coatings 
Ultraviolet irradiance, equation, 110 
Ultraviolet irradiance pretreatment 

(ARC), variable, 75 
Ultraviolet radiation 
causing weathering, 89 

See also Solar ultraviolet data 
network; Spectral ultraviolet 
radiation 

Ultraviolet spectroscopy 
additive-free clearcoats, 244,245/ 
photoacoustic (PAS) measuring 

UVA absorbance, 230, 232/ 
transmission, for UVA longevity in 

clearcoats, 227-228,229/ 
UVA absorbance for in-plane slices 

of paint system, 237, 241/ 
Ultraviolet-visible light source 
spatial irradiance uniformity of right 

and left solar simulators, 132/ 
133/ 

spatial uniformity, collimation, and 
temporal stability, 131, 134 

temporal control of temperature and 
relative humidity within exposure 
cells, 134 

temporal stability of interference 
filters, quartz disk, and calcium 
fluoride disk, 134 

Ultraviolet-visible microscopy 
depth profiling, 201,203 
depth profiling of coatings, 169 
depth profiling sample preparation, 

202/ 
flowchart for depth profiling 

analysis, 204/ 
thin layer volume element, 194 
UVA depth profile across 

clearcoat/basecoat bilayer, 202/ 
zeroing UV spectra in computer 

program, 421,423 
See also Computer program 

estimating degradation; 2-(2f-
Hydroxyphenyl)benzotriazole 
(BZT) 

Ultraviolet weathering 
current laboratory instrumentation, 

145-146 
improvements, 146 
See also Integrating sphere 

Unnatural exposure conditions, 
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reproducibility and repeatability, 
147 

UVA permanence, automotive 
coatings, 170-171 

V 

Varnishes, design experiment, 4 
Vinyl films, degradation, 4 

W 

Water levels in coupled tanks. See 
Polymer hydrolysis 

Weak boundary layer, thermoplastic 
olefin (TPO), 267-268 

Weather cycles and trends 
aerosols, 15, 17/ 
air-surface temperature, 9, 12 
cyclic behavior, 6, 8 
global air-surface temperature, 

annual and 5-year moving average, 
V 

precipitation, 12 
relative humidity, 12, 15 
representative air-surface 

temperature trends, 11/ 
spatial stability, 6 
spectral analysis for air-surface 

temperature, 13/ 
spectral analysis for precipitation, 

14/ 
spectral ultraviolet radiation, 8-9 
temporal stability, 6 
time series of annual mean daily total 

dosage of global irradiance, 10/ 
trend, 6, 8 
trend analysis for aerosols and 

tropospheric ozone, 17/ 
trend analysis for atmospheric 

moisture, 16/ 
typical spectral analysis output for 

weather element, 10/ 

Weathering 
accelerated, exposure of clearcoats of 

paint systems, 237, 244,247 
chemical composition changes, 374-

375 
comparing performance of coatings, 

179 
conference notes, 480-481 
long-term of automotive topcoats, 

373-374 
See also Automotive coatings; Paint 

weathering research at Ford 
Weathering experiments 
analysis using F test in step 8, 81-82 
ANOVA analysis for step 8, 81-83 
application of fractional factorial 

screening, 71-73 
cube experimental design, 68 
evolution of experimental 

approaches, 64/ 
experimental for step 1, 74 
experimental for step 2, 74-75 
experimental for step 3, 76 
experimental for step 4, 76-77 
experimental for step 5, 77 
experimental for step 6, 77-78 
experimental for step 7, 78 
experimental for step 8, 79-83 
experimental for step 9, 85 
experimental for step 10, 86-87 
fractional factorials, 70-71 
fractional factorial screening, 70 
full factorial designs, 67 
graphical technique in step 8, 79-80 
history, 63 
inspecting ANOVA table for effects 

of interactions between input 
variables, 83, 84/ 

L 1 6 fractional factorial array, 73/ 
on-off trial, 64-65 
single variable, 64-65 
single variable-ramp, 65-67 
single variable-"which is better", 65, 

66/ 
square designs, 67 
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ten-step outline for screening 
experiments, 72-73 

three variables, 68, 69/ 
two variables, 67, 68/ 
visual review in step 8, 79 

WETCORR (wetness and corrosion 
rate recorder) 

current vs. surface relative humidity 
(RH) for sheltered exposure at 
marine site, 29/ 

current vs. temperature difference 
between ambient air and surface 
for sheltered exposure at marine 
site, 31/ 

deposition of pollutants, 29-30 
development of electrolytic method, 

24-25 
effects of deposition, 29-30 
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