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Preface

The global marketplace is a demanding master. To remain competitive,
manufacturers must continually innovate and market advanced materials that
satisfy their customers’ needs and expectations. Advances in material per-
formance and durability, however, have been hampered by our inability to
measure and predict their long-term performance. 

The mission of the 4th International Symposium on Service Life
Prediction, which was held December 3–8, 2006, in Key Largo, Florida, was
to provide an international forum for presenting and discussing the latest sci-
entific and technical advances leading to more reliable and quantitative pre-
dictions of the weathering performance of polymeric materials. The objec-
tives set forth included the following:

• To critically examine the existing methodology and alternatives to the exist-
ing methodology used in assessing the service life of polymeric materials;

• To present advances in accelerated and field exposure testing protocols
leading to quantitative results that are both repeatable and reproducible;

• To introduce advanced methods including high throughput and combinator-
ial analyses, models, data collection and storage formats, and decision sup-
port systems having a strong scientific basis;

• To discuss strategies for implementing these advances; and
• To identify outstanding scientific issues that need to be addressed.

The symposium, which included 29 invited talks and a poster session, was
attended by approximately 85 distinguished international scientists, including 19
participants from nine European and Pacific Rim countries.

The opening papers described efforts to link accelerated laboratory tests
with outdoor field exposures by connecting degradation of materials to their
thermal and irradiance resistance in an attempt to build predictive models.
The findings of a ten-year weathering study on a variety of coil applied

v



coatings were presented, as were the results from a reliability-based service
life prediction methodology. The reliability-based results are noteworthy
because, for the first time, it has been demonstrated that a single, scientifical-
ly-based model, derived from laboratory data and relying on a minimal set of
assumptions, was able to successfully link field and laboratory exposure
results. Furthermore, this model was used to predict field performance results
for a series of independent exposures over a four-year period. 

Several sessions presented the latest measurement techniques utilized to
study mechanisms of failure of materials ranging from propylene fibers to
coatings on metal or plastic to polyethylene pipelines. Risk analyses were dis-
cussed in relation to probability of failure, while reciprocity and scaling laws,
like the additivity law, were utilized and validated in characterizing coating
performance in accelerated weathering devices. 

Advances in exposure to acid rain and plasma-generated radical show-
ers, the effect of coating applied strain, the effect of pigment interactions with
binders, as well as the efficiency and longevity of stabilizers in polymers
were discussed and related to long-term performance.

Later in the week-long symposium, computer graphic techniques were
described that were capable of measuring automotive paint color. Computer
graphic techniques that could render the appearance of aging materials also
were presented. The importance of the ability to characterize the optical prop-
erties of materials was correlated to another important topical durability con-
cern in coatings, scratch resistance.

The significance of laboratory automation can never be over-empha-
sized. A variety of combinatorial and high-throughput testing regimes utilized
to develop robust coating formulations were presented. Screening tests allow
for rapid, accurate, precise, repeatable, and reproducible physical property
measurements, which can be cross-referenced to coating degradation. These
tools will allow the formulator to develop libraries of information useful in
optimizing the short- and long-term properties of coatings. 

As has been the standard in the previous three service life prediction con-
ferences, the Key Largo conference concluded with a group discussion on
research and measurement needs in service life prediction. The ability to short-
en test time without degradation of the correlation to polymer structural break-
down, the increased use of high-throughput screening to enhance understand-
ing of formulation variables in relation to durability, and the indoctrination of
reciprocity and scaling laws all were discussed as advancements made in serv-
ice life predictive capabilities in the past ten years. There is still much to
accomplish.

The editors wish to thank the Key Largo organizing committee as well
as the authors and participants for making the 4th International Symposium
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Chapter 1

Linking Accelerated Laboratory Test with Outdoor
Performance Results for a Model 

Epoxy Coating System 

Xiaohong Gu,1 Debbie Stanley,1 Walter E. Byrd,1 Brian Dickens,1

Iliana Vaca-Trigo,2 William Q. Meeker,2 Tinh Nguyen,1 Joannie W.
Chin,1 and Jonathan W. Martin1

1 Materials and Construction Research Division, National Institute of Standards and 
Technology, Gaithersburg, MD 20899.

2 Department of Statistics, Iowa State University, Ames, IA 50011.

Laboratory and field exposure results have been successfully linked for a
model epoxy coating system. The mathematical model used in making this
linkage only assumed that the total effective dosage, additivity law, and reci-
procity laws were valid. In this study, accurate and time-based measurements
on both exposure environments and degradation properties for polymer speci-
mens exposed to accelerated laboratory weathering device and outdoor envi-
ronments have been carried out. Laboratory weathering tests were conducted
in the extremely well-controlled NIST SPHERE. A factorial design consisting
of four temperatures, four relative humidities (RH), four ultraviolet (UV)
spectral wavelengths, and four UV spectral intensities was selected for the
SPHERE exposure conditions. Based on SPHERE exposures, effects of critical
environmental conditions on chemical degradation of the UV-exposed epoxy
materials have been assessed. The outdoor exposure experiments were carried
out on the roof of a NIST laboratory located in Gaithersburg, MD. The tem-
perature and RH of the outdoor exposure were continuously recorded every
minute and the solar spectrum was recorded every 12 minutes. The chemical
degradation for specimens exposed to the SPHERE and outdoor environments
was quantified by transmission FTIR and UV-visible spectroscopies. It is
found that the mechanism of chemical degradation for samples exposed to
outdoor environments is similar to those exposed to SPHERE. Three
approaches, chemical ratios as a metric, a model-free heuristic approach, and
a mathematical predictive model, have been used to combine the chemical
degradation data from the SPHERE and the outdoor exposures. Successful
linkages have been made via all three approaches. It has been shown that the
reliability-based methodology is capable of linking laboratory and field expo-
sure data and predicting the service life of polymeric materials.



INTRODUCTION

Attempts at linking field and laboratory exposure results and at predicting the service
life of a polymeric material exposed in its service environment have been a high priority
research topic of the polymeric materials community for over a century.1-3 The inability
to generate accurate, precise, and timely service life estimates for polymeric systems
exposed in their intended service environments hinders product innovation as well as the
timely introduction of new polymeric materials into the market. 

At present, the only accepted way of generating a performance history for a new prod-
uct is to expose it for many years at one or more “standard” field exposure sites such as
Florida or Arizona. Performance data generated from such experiments, however, are
neither repeatable nor reproducible, since the weather never repeats itself over any time
scale or at any location.1 Laboratory weathering experiments are typically designed to
simulate and accelerate outdoor degradation by exposing materials for extended periods
of time to high UV irradiance, elevated temperature, and relative humidity environments.
However, the lack of rigorous temporal and spatial experimental control over each of the
weathering factors comprising an exposure environment within and among laboratory
exposure devices has made it impossible to correlate results between laboratory devices
and to link laboratory and field exposure data.4-7 The sources of laboratory exposure
device experimental errors have been well-documented in the literature and are largely
associated with the emission physics of line light sources.1,5 Deficiencies include aging
of the light source,8,9 non-uniform spatial irradiance of the specimens,5 differences in the
spectral emission distributions of the sun and laboratory light sources, and the inability
to independently, temporally, and spatially monitor and control the temperature and
moisture content of the exposed specimens.8,9 These deficiencies have made it difficult
to study the physiochemical mechanisms underlying the degradation of the exposed
materials. 

Reliability-based methodology has been applied successfully in the fields of electron-
ics, medical, aeronautic, and nuclear industries.10,11 It was introduced in the field of poly-
meric materials by Martin et al.1,12,13 To date, a number of successful studies in polymer
degradation have been published.12-16 Unlike the current descriptive methodology,17 the
reliability-based methodology is a measurement intensive, predictive methodology. In
this methodology, laboratory exposure experiments are experimentally designed and the
data generated from these experiments are viewed as the standard of performance against
which field exposure data are compared. As such, laboratory exposure equipment and
experiments must be designed to be able to independently, precisely, and accurately con-
trol each and every exposure variable over extended periods of time. Field exposure
experiments, on the other hand, are viewed like a laboratory experiment; albeit, one in
which individual weathering factors cannot be controlled, but each variable can be mon-
itored and characterized in the same manner and with the same degree of precision and
accuracy as its equivalent laboratory exposure variable. Linkage between field and labo-
ratory exposure results is achieved through scientifically based mathematical models. For
weathering experiments, this predictive model includes parameters for total effective
dosage, additivity law, and reciprocity law. The parameters of this predictive model are
estimated solely from laboratory experimental results, while outdoor exposure results are
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used to verify the predictions of the parameterized model using the temporal field values
for spectral irradiance, panel temperature, and panel moisture content as input.

In this chapter, a successful linkage between the laboratory and field exposure results
for a polymeric coating will be demonstrated using reliability-based methodology. The
chapter is divided into three major sections: (1) investigation of the effects of critical
environmental conditions on the photodegradation of specimens exposed in the
SPHERE; (2) characterization of chemical degradation for specimens exposed outdoors;
(3) linking the laboratory results to the field data based on chemical degradation via a
total effective dosage model. 

EXPERIMENTAL* 

Materials and Specimen Preparation 

The amine-cured epoxy was a stoichiometric mixture of a pure diglycidyl ether of
bisphenol A (DGEBA) with an epoxy equivalent of 172 g/equiv (DER 332, Dow
Chemical) and 1,3-bis(aminomethyl)-cyclohexane (1,3 BAC, Aldrich). Appropriate
amounts of toluene were added to the mixture, and then all components were mechani-
cally mixed for 7 min. After degassing in a vacuum oven at ambient temperature to
remove most of the bubbles, the epoxy/curing agent/solvent mixture was applied to the
substrates. Thin films of approximately 6 µm thick used for FTIR and ultraviolet-visible
(UV-visible) spectroscopy measurements were obtained by spin casting the solution onto
calcium fluoride (CaF2) substrates at 209 rad/s for 30 s. All samples were cured at room
temperature for 24 h in a CO2-free dry glove box, followed by heating at 130°C for 2 h
in an air-circulated oven. The glass transition temperature, Tg, of the cured films was
123°C ± 2°C, as estimated by dynamic mechanical analysis. The thickness and cure state
of the films were measured and only films meeting predetermined specifications were
selected for laboratory or field exposure. 

Outdoor Experiments

Outdoor UV exposures were conducted on the roof of a NIST laboratory located in
Gaithersburg, MD. Specimens were first loaded into multiple-window exposure cells,
which were then placed in an outdoor environmental chamber at 5° from the horizontal
plane and facing south. The bottom of the chamber was made of black-anodized alu-
minum, the top was covered with borofloat glass, and all sides were enclosed with a
breathable fabric material that allowed water vapor, but prevented dust from entering the
chamber. UV-visible spectral results showed that the borofloat glass did not alter the solar
spectrum over the exposure times in Gaithersburg, MD. The specimen exposure chamber
was equipped with a thermocouple and a relative humidity sensor, and the temperature
and relative humidity in the chamber were recorded once every minute, 24 hours per day
and 365 days per year. 

Sample exposures were performed in 20 different months over a four-year period
starting in June 2002 and ending in April 2006. The exposed specimens were designated
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G1 to G20, where G1 indicates the first exposure and G20 represents the last exposure.
Since the weathering conditions, and, hence, the rates of degradation of the epoxy films,
exposed at different starting dates differed, the exposure durations required to achieve the
same amount of degradation for each were different. The starting months covered most
months of the year. Every four months, a separate set of specimens was exposed outside
the chamber to assess changes occurring in the real outdoor exposure. The exposure con-
ditions for specimens outside the chamber were measured in the same manner as those in
the covered chamber. 

The chemical degradation of the specimens exposed to outdoor environments was
monitored using FTIR and UV-visible spectroscopies at regular intervals (e.g., every three
to four days). In estimating the solar dose on the roof, all radiation was assumed to come
directly from the sun and none from the blue sky. The dose was estimated from STARS
spectra of the sun supplied by the Smithsonian and was corrected for solar inclination and,
where appropriate, for reflection at a cover glass, using the equations in Duffie and
Beckman.18 The dosage was corrected for the angle at which the rays traversed the speci-
men, since the UV-visible spectra were measured normal to the specimen. 

High Radiant Laboratory Exposure

The NIST SPHERE (Simulated Photodegradation via High Energy Radiant Exposure)
is an integrating sphere-based weathering device that effectively reduces or eliminates all
known sources of experimental error occurring in laboratory weathering devices and
does not appear to introduce any new source of experimental error.19,20 The SPHERE is
a uniform light source in which panel temperature, exposure relative humidity (RH),
spectral irradiance, and spectral radiant intensity can be independently, precisely, and
accurately controlled over a wide range. Radiant uniformity of the SPHERE is ensured
by the optical physics underlying integrating sphere technology. Currently, the SPHERE
is equipped with six high intensity light lamps; the maximum total intensity achievable
is equivalent to 22 suns of ultraviolet radiation. Each lamp is equipped with a dichroic
reflector that effectively transmits most of the visible and infrared radiation emitted by
the lamp to a heat sink while preserving and reflecting into the SPHERE the ultraviolet
radiation. Ultraviolet radiation below 290 nm is eliminated from the reflected beam by
positioning a cut-off filter between the lamps and the interior of the integrating sphere.
The spectra radiant flux within the SPHERE was monitored continuously from 290 nm
to 800 nm using a UV/visible spectrometer. The temperature within each exposure cham-
ber can be independently controlled over extended periods of time (i.e., thousands of
hours) from 25°C to 75°C with a precision of ± 0.1°C, while RH can be independently
controlled from 0% to 95% within ± 0.2%.

The NIST SPHERE is equipped with 32 exposure chambers. Within each chamber,
multiple specimens can be exposed. In the current configuration, each chamber exposes
17 specimens. Effectively, therefore, the NIST SPHERE is capable of simultaneously
exposing 544 specimens (32 chambers x 17 specimens per chamber). Each specimen can
be exposed to its own unique, well-delineated and well-controlled exposure environment.
The temperature and relative humidity for each exposure chamber are controlled using a
custom network of microprocessor-based systems while spectral radiant flux and spectral
irradiance for each specimen can be individually controlled through the insertion of inter-
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ference and neutral density filters in front of each specimen. A factorial experiment was
designed that included four temperatures, four relative humidity levels, four spectral
wavelengths, and four spectral intensities. The four temperatures were 25°C, 35°C, 45°C,
and 55°C, and the four relative humidities were 0% RH, 5% RH, 50% RH, and 75% RH.
The four wavelengths were controlled by four bandpass (BP) filters that had nominal cen-
ter wavelengths of 306 nm, 326 nm, 353 nm, and 450 nm, and full-width-half maximum
values of ±3 nm, ±6 nm, ±21 nm, and ±79 nm, respectively. The spectral intensity for each
BP filter could be modified by placing a neutral density filter in the beam path. One of four
neutral density (ND) filters (10%, 40%, 60%, or 100%) was selected for each specimen. 

In each treatment, four replicates were exposed. For each specimen, the chemical
damage was monitored using FTIR and UV-visible spectroscopy at regular intervals
(e.g., every three to four days) and the corresponding dosage was calculated. 

Measurements

FTIR: Chemical degradation of the epoxy coatings was measured by FTIR transmis-
sion using a PIKE auto-sampling accessory (PIKE Technologies). This automated sam-
pling device allowed efficient and rapid recording of the initial FTIR transmission spec-
tra and the FTIR spectral after some specified exposure intervals for each specimen.
Since the exposure cell was mounted precisely on the auto-sampler, errors due to varia-
tion of sampling at different exposure times were minimized. The auto-sampler accesso-
ry was placed in a FTIR spectrometer compartment equipped with a liquid nitrogen-
cooled mercury cadmium telluride (MCT) detector. Spectra were recorded at a resolution
of 4 cm–1 and were the average of 128 scans. The peak height was used to represent IR
intensity, which was expressed in absorbance. 

UV-VISIBLE SPECTROSCOPY: In this study, the field and laboratory chemical degrada-
tion results are linked using the total effective dosage model. In this model, the total
effective dosage,13 defined as the radiation that is incident upon and absorbed by the
specimen, can be calculated via:

Where Dtotal (t) is the total effective dosage at time t; λmin and λmax are the minimum and
maximum photolytically effective wavelengths; E0 (λ , t) is the spectral UV irradiance
of the light source at time t; A (λ, t) is the spectral absorption of specimen at wavelength
and time t, and φ(λ) is a spectral quantum efficiency. To obtain the dosage, the spectra
irradiance of the light source, the spectral transmittance of the neutron density filters and
the band pass filters, and the UV-visible absorbance spectra of the specimens coated on
CaF2 were recorded with an HP 8452a UV-visible spectrometer between 190 nm and
820 nm at a resolution of 2 nm. The UV-visible measurement was taken each time when
an FTIR measurement was taken on the specimens. To convert the UV-visible spectrom-
eter signal into irradiance units (W/m2), the HP 8452a UV-visible spectrometer was cal-
ibrated in NIST’s Spectra Irradiance and Radiance Calibrations with Uniform Sources
Facility. 
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A custom software program was developed at NIST to analyze the IR and UV-visible
spectra, and to calculate dose (energy incident upon the specimen), dosage (energy
absorbed by the specimen), and the damage (changes in the absorbance of FTIR bands).
Basically, for each time slice, the spectra irradiance of the SPHERE UV source was mul-
tiplied by the spectra transmittance of the filters (ND and BP) to yield the dose, and then
the dose was convoluted with the UV-visible absorbance spectrum of the specimen to
yield the dosage for that time slice. After integrating the time and the wavelength, the
total effective dosage at selected time was obtained.

RESULTS AND DISCUSSION

Exposure to SPHERE

CHEMICAL CHANGES DURING LABORATORY EXPOSURE: The chemical degradation of
amine-cured epoxy exposed to SPHERE at different environmental conditions was
monitored by FTIR transmission spectroscopy. Typical FTIR absorbance spectra of the
samples as a function of SPHERE exposure time are presented in Figure 1, along with
the different spectra that were obtained by subtracting the spectrum of the unexposed

sample from the exposed
spectrum after baseline cor-
rection. In Figure 1, the bands
at 1250 cm–1, 1510 cm–1, and
2925 cm–1 are typically
observed for an amine-cured
epoxy before and after UV
exposure. The 1250 cm–1 band
is attributed to C–O stretching
of aryl ether, the 1510 cm–1

band to benzene ring stretch-
ing, and the 2925 cm–1 band
to CH2 anti-symmetric
stretching.21,22 Decreases in
intensities of these bands indi-
cate that chain scission and
mass loss in the films have
taken place during UV expo-
sure. In addition to the inten-
sity decreases of the existing
bands, the spectra show the
formation of new chemical
species in the 1620 cm–1 to
1800 cm–1 region as a result of
exposures. Two prominent
bands at 1658 cm–1 and 1728
cm–1, which could be attrib-
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Figure 1—FTIR spectra of the amine-cured epoxy after expo-
sure to SPHERE with 353 nm band pass (BP) filters and 100%
neutral density (ND) filters at 35°C, 25% RH for different times
(0 h, 25 h, 50 h, and 75 h): (upper) absorbance spectra; (bot-
tom) difference spectra. 



uted to C=O stretching of amide
and ketone,23,24 respectively, are due
to formation of oxidation products.
However, the band near 1728 cm–1 is
very broad, indicating the formation
of a variety of carbonyl products.
Aldehyde, ketone, acids, and esters
have been reported as the residual
degradation products left in the
films.21-25 The OH stretching bands
near 3400 cm–1 also shift to lower
frequency and new bands appear
around 3225 cm–1. The above FTIR
results are in good agreement with
the photooxidative mechanisms pro-
posed by Bellinger, et al.21,22 and
Rivaton, et al.25 for epoxy cured
with aliphatic amines. 

Figure 2 displays the changes in the absorbance for the bands of interest as a function
of exposure time in SPHERE. Results from four replicates are presented. The superposi-
tion of these four curves indicates the accuracy and precision for the sample preparation,
measurement, and environmental control. As shown, the intensity of photooxidation (1658
cm–1, 1728 cm–1) bands increases with exposure time until a plateau has reached, and then
it starts to decrease. Continuous losses in the intensities of bands at 2916 cm–1, 1250 cm–1,
and 1510 cm–1 are attributed to chain scission. Since the high flux UV radiation is so
aggressive, it is nearly impossible to keep the optical components of an exposure condi-
tion at the same level over extended periods of time. Therefore, dose or dosage is a better
metric than time because variation of the lamp intensity is taken into account. Figure 3
shows the chemical changes as a
function of dose for the same spec-
imens shown in Figure 2.
Compared to the plot using expo-
sure time, Figure 3 reveals the
effect of the actual UV irradiance
upon the specimens on chemical
degradation regardless of changes
of light source or total radiation.
The similarity between the plots in
Figure 2 and in Figure 3 indicates
that the light intensity of the
SPHERE was mostly constant dur-
ing the observed exposure period.

TOTAL EFFECTIVE DOSAGE:
Only the incidence absorbed ener-
gy can cause a specimen to
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Figure 2—FTIR intensity changes of the bands at 1658
cm–1, 1728  cm–1, 2916  cm–1, 1250  cm–1, and 1510  cm–1

as a function of exposure time for amine-cured epoxy
exposed to SPHERE with 353 nm BP and 100% ND fil-
ters at 35°C, 25% RH. Results from four replicates are
shown.

Figure 3—FTIR intensity changes of the bands at 1658
cm–1, 1728  cm–1, 2916  cm–1, 1250  cm–1, and 1510  cm–1

as a function of dose for amine-cured epoxy exposed to
SPHERE with 353 nm BP filters and 100% ND filters at
35°C, 25% RH. Results from four replicates are shown.



degrade; thus, the total effective
dosage is probably the most sci-
entifically accurate metric for
quantifying the severity of dam-
age in the reliability-based
methodology. As mentioned ear-
lier, the dosage is calculated
from the dose and the UV-visi-
ble spectra of the specimens
[equation (1)]. By calculating
the total effective dosage (here-
after referred to as dosage) using
the custom written software, the
chemical changes as a function
of dosage were graphed, as
shown in Figure 4. Compared to
the near linear relationship

between the chemical changes and the exposure time or dose, the slopes of these curves
decrease gradually with the increase in the dosage. This phenomenon can be explained
by the shielding effect of the degradation products. Note that the initial slope of the
curve is generally defined as apparent spectral quantum yield and can be used to evalu-
ate the initial efficiency of the radiation at different wavelengths.26
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Figure 4—FTIR intensity changes of the bands at 1658
cm–1, 1728  cm–1, 2916  cm–1, 1250  cm–1, and 1510  cm–1 as
a function of dosage for amine-cured epoxy exposed to
SPHERE with 353 nm BP filters and 100% ND filters at
35°C, 25% RH. Results from four replicates are shown. 

Figure 5—FTIR intensity changes of the bands at 1658  cm–1, 1728  cm–1, 1250  cm–1,
and 1510  cm–1 as a function of dosage for amine-cured epoxy exposed to SPHERE
with 326 nm filter and four different irradiance levels (10%, 40%, 60%, and 100%)
at 25°C and 0% RH. Results from four replicates are shown. 



EFFECT OF MAIN ENVIR-
ONMENTAL PARAMETERS ON

CHEMICAL DEGRADATION: Since
there were many combinations of
the environmental conditions used
in this study, the results given in
this section only show representa-
tive data to demonstrate the gener-
al effects of the environments on
this epoxy material. More com-
plete results will be presented in
future publications. Figure 5 illus-
trates the intensity change of four
interested IR bands as a function of
dosage for specimens exposed to
SPHERE under 326 nm BP filters
and four ND filters with the target
transmittance values of 10%, 40%,
60%, and 100% at 25°C and 0%
RH. There are four replicates for
each exposure condition. The curves for all irradiance levels superimpose onto a single
master curve, suggesting that the dosage needed to cause a given level of damage is inde-
pendent of the incident intensity. This behavior is observed for other exposure conditions
as well. These results indicate that reciprocity law is valid for this amine-cured epoxy sys-
tem over the experiment ranges of temperature and relative humidity. Similar phenomena
have been found for the UV degradation of the acrylic-melamine polymer.27
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Figure 6—FTIR intensity changes of the bands at 1510
cm–1 as a function of dosage for amine-cured epoxy
exposed to the SPHERE with 100% ND filters at 25°C and
0% RH under the 306 nm, 326 nm, 354 nm, and 452 nm
BP filters, respectively. The inset is for expanded early
stage of degradation. The dosage is up to 1.6 x 104 kJ/m2.
Results from four replicates are shown. 

Figure 7—FTIR intensity changes of the bands at 1510  cm–1 as a
function of dosage for amine-cured epoxy exposed to the SPHERE
with 100% ND filters at 25°C and 0% RH under the 306 nm, 326 nm,
354 nm, and 452 nm BP filters when the damage versus dosage
curves are horizontally shifted. The shifting factors for the 306 nm,
326 nm, 354 nm, and 452 nm here are 100:50:6:1, respectively.
Results from four replicates are shown. 



The effect of spectral wavelength on the efficiency of photodegradation of amine-
cured epoxy can be seen in Figure 6, in which specimens were exposed to 100% ND fil-
ters at 25°C and 0% RH under the 306 nm, 326 nm, 354 nm, and 452 nm BP filters,
respectively. The initial part (the dosage is up to 1.6 x 104 kJ/m2) was expanded and
shown in the inset. A clear sequence for the four wavelengths was observed with regard
to the damage per unit dosage. The longer the wavelength, the lower is the damage effi-
ciency. The curves for all wavelengths can be nearly superimposed when the damage ver-
sus dosage curve for 452 nm is used as a reference and the other curves are horizontally
shifted. The shifting factors for the 306 nm, 326 nm, 354 nm, and 452 nm in Figure 7 are
100:50:6:1, respectively. These numbers can be used to evaluate the relative efficiencies
of different wavelengths. The ratios obtained from other conditions for the four wave-
lengths are also similar, indicating that the relative photodegradation efficiencies of the
wavelengths are independent of the studied UV irradiance intensity, temperature, and
humidity for the same material; that is, the additivity law appears to be obeyed over the
range of temperature, relative humidity, and spectral irradiance bands investigated in this
study. Relative efficiencies obtained from other IR damage bands also follow the same
trend.

The effect of temperature on photodegradation can be demonstrated by Figure 8, which
shows the damage versus dosage for specimens exposed to SPHERE with 326 nm BP fil-
ters and 100% ND filters under 0% RH at different temperatures. Higher temperature
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Figure 8—FTIR intensity changes of the bands at 1510  cm–1, 1658  cm–1, 1728  cm–1, and
1250  cm–1 as a function of dosage for amine-cured epoxy exposed to SPHERE with 326 nm
BP filters and 100% ND filters under 0% RH at four temperatures (25°C, 35°C, 45°C, and
55°C). Results from four replicates are shown. 



exhibits higher damage per dosage for all major IR damage bands. However, the increase
in the damage efficiency seems to slow down when the temperature is above 35°C.
Compared to the exposure at 0% RH, a similar temperature effect is observed for specimens
exposed to SPHERE at higher humidities. Details will be shown in future publications. 

The effect of relative humidity on the photodegradation of amine-cured epoxy is dis-
played in Figure 9, where the specimens were exposed to SPHERE with 100% ND fil-
ters and 326 nm BP filters at 25°C under four different RHs. When RH is increased from
0% RH to 25% RH, the damage per dosage substantially decreases for the degradation
modes corresponding to the bands at 1510 cm–1, 1728 cm–1, and 1250 cm–1, but only
slightly declines for 1658 cm–1. Additionally, the humidity effect seems to slow down
when the RH is higher than 25% RH. Among the four IR bands, the 1728 cm–1 band
shows the most sensitivity to the RH change. 

The different responses of the different IR damage bands on the humidity changes
result from the differences in their degradation mechanisms. The carbonyl absorption
band at 1728 cm–1 has been attributed to the formation of ketone products by
Bellinger21,22 or to aldehyde formation by Patterson-Jones.28 In either case, the products
are formed through the release of water molecules by dehydration of the hydroxyl groups
(Schemes 1 and 2 in Figure 10). The process of water release could be hindered at high
RH so that the formation of the products corresponding to 1728 cm–1 band would be
retarded with respect to the same amount of dosage at dry exposure condition. However,
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Figure 9—FTIR intensity changes of the bands at 1510  cm–1, 1658  cm–1, 1728  cm–1, and
1250  cm–1 as a function of dosage for amine-cured epoxy exposed to SPHERE with 326
nm BP filters and 100% ND filters at 35°C under different RH (0% RH, 25% RH, 50%
RH, and 75% RH). Results from four replicates are shown. 
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Figure 10—Proposed mechanisms for attribution of IR absorption band at 1728  cm–1:  formation of
ketone C=O group (Scheme 1) and formation of aldehyde C=O group (Scheme 2).
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it is uncertain why changes of other degradation modes, such as the loss of 1250 cm–1

band, which has been attributed to chain scission of C–O stretching of aryl ether, and the
loss of 1510 cm–1, which has been attributed to the chain scission of the benzene ring,
also decreases substantially as the RH increases from 0% RH to 25% RH. One possibil-
ity is that when the formation of the 1728 cm–1 band degradation products is impeded,
other degradation reactions such as chain scission could also be affected. 

EFFECT OF CRITICAL EXPOSURE PARAMETERS ON MECHANISM OF CHEMICAL

DEGRADATION: A simple approach to link or compare the mechanisms of chemical degra-
dation under different exposure conditions can be achieved by plotting the characteristic
IR bands associated with photodegradation against one another. Gerlock et al.29 used this
method to compare the weathering chemistry of automotive coatings exposed to the
accelerated laboratory environments with different light sources. Basically, for different
exposure conditions, when the peak ratios show a similar trend, the degradation mecha-
nisms tend to be similar, even though the kinetics of the degradation are quite different.
As discussed above, the exposure conditions such as intensity of UV radiation, the wave-
length of the spectra UV, the temperature, and the relative humidity all play important,
but different roles on the total amount of chemical degradation and/or the efficiency of
the chemical damage with respect to per dosage. In this part, the effect of these main
exposure parameters on the mechanism of the chemical degradation is investigated.
Figure 11 shows the effect of the wavelength on the ratios of different chemical changes,

Figure 11—Effect of wavelength of BP filters on the ratios of different chemical
changes. Specimens were exposed to SPHERE with four different filters (306 nm, 326
nm, 354 nm, and 452 nm) and 100% irradiance level at 45°C and 25% RH. Results
from four replicates are shown. 
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Figure 12—Effect of temperature on the ratios of different chemical changes. Specimens
were exposed to SPHERE with 353 nm filter and 100% irradiance level at 25% RH and
four different temperatures (25°C, 35°C, 45°C, and 55°C). Four replicates are shown for
each specimen. 

Figure 13—Effect of relative humidity on the ratios of different chemical changes.
Specimens were exposed to SPHERE at 100% irradiance level at 35°C with four different
BP filters (306 nm, 326 nm, 353 nm, and 450 nm) and four different RHs (0% RH, 25% RH,
50% RH, and 75% RH). Four replicates are shown for each specimen.
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which are 1250 cm–1 versus 1510 cm–1, 1728 cm–1 versus 1658 cm–1, 1510 cm–1 versus
1658 cm–1, and 1510 cm–1 versus 1728 cm–1. The specimens were exposed to SPHERE
with 100% irradiance level and four BP filters (306 nm, 326 nm, 354 nm, and 452 nm)
at 45°C and 25% RH. Results from four replicates are shown. Apparently, the curves for
all wavelengths overlay to an almost single line, except the ends of the curves correspon-
ding to severe degradation are slightly scattered. At severe degradation levels, carbonyl
products (1658 cm–1 and 1728 cm–1) start to level off in their amounts due to secondary
chemical reactions and physical depletion. In those cases, the absorbance loss at 1510
cm–1 continues to grow as degradation proceeds, but as the absorbance increase at 1658
cm–1 or 1728 cm–1 starts to decrease. Therefore, the curves of the ratios based on these
bands deviate at the late stages of degradation except those neither associated with 1658
cm–1 nor with 1728 cm–1. Although different wavelengths of the spectra UV have differ-
ent quantum efficiencies for photodegradation, the mechanism of chemical degradation
seems independent of the wavelength of the UV irradiation for this amine-cured epoxy,
as shown in Figure 11. This data has laid the groundwork for an on-going study to more
rigorously validate the additivity law.

The effect of temperature on the degradation mechanism is shown in Figure 12, where
the ratios of different chemical changes for specimens exposed to SPHERE with 353 nm
BP filters, 100% ND filters at four temperatures (25°C, 35°C, 45°C, and 55°C ) and 25%
RH are presented. Four replicates are displayed for each specimen. Sixteen curves are dis-
played in each ratio plot. Similar to the wavelength effect, the different temperatures do
not substantially alter the ratios of the same pair of chemical changes from 25°C to 55°C.
Similar phenomenon is observed for the intensity effect of UV irradiance and the spectra
wavelength on the photodegradation. The details will be presented in a future publication.

However, an obvious effect of relative humidity on the ratios of chemical changes has
been observed, particularly for the pairs associated with the 1728 cm–1 bands. As shown
in Figure 13, for both 1250 cm–1 versus 1510 cm–1 plot and 1510 cm–1 versus 1658 cm–1

plot, the curves obtained from specimens exposed to SPHERE under different humidities
superimpose, while for the 1728 cm–1 versus 1658 cm–1 plot and the 1510 cm–1 versus
1728 cm–1 plot, the curves do not superimpose; instead, they sequentially drop with
increasing RH. This phenomenon can be explained by the fact that the band at 1728 cm–1

is more sensitive to the humidity than any of the other three bands. These results suggest
that the relative humidity influences the 1728 cm–1 degradation mechanism. 

Outdoor Exposure

Outdoor UV exposures were carried out in Gaithersburg, MD, from 2002 through
2006. Twenty groups of specimens were placed in a covered outdoor environmental
chamber starting at different times of the year. Some groups were exposed outside the
covered chamber to serve as a real outdoor exposure. The temperature and RH in the
chamber and outside the chamber were continuously recorded every minute and the solar
spectrum was recorded every 12 min. Typical temperature and RH data for specimens
exposed inside the outdoor exposure chamber and outside the chamber are shown in
Figures 14 and 15, respectively. Both the temperature and the humidity changed dramat-
ically inside and outside the rooftop chamber. The temperature inside the chamber is
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Figure 15—Relative humidity and temperature outside the
rooftop exposure chamber in Gaithersburg, MD, for exposure
dates from March 17, 2004, to May 26, 2004.

Figure 14—Relative humidity and temperature inside
rooftop exposure chamber in Gaithersburg, MD, for expo-
sure dates from March 17, 2004, to May 26, 2004.
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sometimes as much as 25°C higher than the surrounding ambient temperature in the day-
time. For the humidity, both inside and outside chambers can reach 100% RH, mostly at
night. However, the environment in the chamber tends to be drier than the outside during
the daytime, which is consistent with higher temperatures for the chamber in the daytime
as compared to the ambient condition. 

The chemical degradation of amine-cured epoxy exposed in the outdoor chamber was
monitored by FTIR spectroscopy in transmission mode, in the same way as these meas-
urements were made for SPHERE exposed specimens. Chemical changes as a function
of exposure time for four groups exposed to the outdoor environmental chamber are pre-
sented in Figure 16. These four groups were selected as the representatives of the four
seasons. The starting time for each exposure is 9/30/2002 for G4, 12/24/2002 for G7,
3/04/2003 for G9, and 6/06/2003 for G12. Due to the different exposure periods, the four
groups exhibit different behaviors in the chemical changes with exposure time. The ini-
tial change rate of each group depends on the starting dates; the summer group (G12) is
fastest and the winter group (G4) is the slowest in a long-time range of exposure. When
the intensities of the degradation bands are plotted as a function of dosage, the effect of
the solar spectra of the different seasons can be minimized, and the differences of the
curves are mainly due to temperature and humidity effects on the degradation efficiency
with respect to dosage. The different efficiencies of different ranges of wavelength are
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Figure 16—FTIR intensity changes of the bands at 1250  cm–1, 1658  cm–1, 1510  cm–1,
and 1728  cm–1 as a function of exposure time for four groups of epoxy specimens
exposed to outdoor environmental chamber in Gaithersburg, MD, started from 6/06/03
for G12, 3/04/03 for G9, 12/24/02 for G7, and 9/30/02 for G4. Results are averaged
from four replicates. The uncertainty is within 5%. 
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taken into account for the total dosage calculation. As shown in Figure 17, for the same
amount of damage, it needs the least dosage for summer group (G12), and the most
dosage for winter group (G4). Moreover, the curves in Figure 17 are much tighter than
those in Figure 16, suggesting that the damage is dominated by the dosage rather than the
exposure time. It appears that the damage-dosage plot is more meaningful than the dam-
age-time plot when degradation at different outdoor environments are compared. 

To understand the influence of the covered environments on the chemical degradation,
the results obtained from the specimens exposed to the outdoor chamber are compared
with those exposed to the real outdoors, as shown in Figure 18. It appears that the
changes of the IR bands are quite similar under the two conditions for G11, except the
intensity of the band at 1658 cm–1 for specimens inside the chamber is slightly enhanced
compared to those exposed to the outdoors. Similar results are observed for the other
group where specimens were exposed to both outdoor covered chamber and real outdoor.
Because the average temperature for the covered chamber tends to be higher than the one
in the real outdoor, the increase in the 1658 cm–1 product is probably due to the elevated
temperature, which is consistent with the laboratory exposure data.

In summary, the chemical degradation for samples exposed to outdoor environments
is similar to those exposed to the SPHERE laboratory chamber. However, due to the
time-dependent changing and the cycling of the outdoor environments, it is necessary to

Figure 17—FTIR intensity changes of the bands at 1250  cm–1, 1658  cm–1, 1510  cm–1,
and 1728  cm–1 as a function of dosage for four groups of epoxy specimens exposed to
covered outdoor chamber in Gaithersburg, MD, started from 6/06/03 for G12, 3/04/03
for G9, 12/24/02 for G7, and 9/30/02 for G4. Results are averaged from four repli-
cates. The uncertainty is within 5%. 
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Figure 18—FTIR intensity changes of the bands at 1250  cm–1, 1658  cm–1, 1510  cm–1, and 1728
cm–1 as a function of dosage for epoxy specimens exposed to outdoor chamber (G11) and real out-
door (G11-Out) from 5/06/03 in Gaithersburg, MD. Results are averaged from four replicates. The
uncertainty is within 5%.

monitor the environmental factors as well as the degradation in an accurate, precise, and
timely way. Further, since the solar spectra, the temperature, and the RH of the outdoors
are neither repeated nor able to reproduce themselves at different times or at different
places, it is impractical to try to simulate the outdoor conditions by changing the param-
eters of the laboratory conditions. However, if outdoor exposure is just treated as anoth-
er laboratory-like experiment, and is monitored in the same manner and with the same
degree of accuracy and precision as variables characterized in the laboratory, by using the
total effective dosage as a metric, the linkage between the laboratory and the outdoor
exposures can be made. 

Linking Field and Laboratory Exposure Results

The ability to link field and laboratory exposure results is critical to predict the serv-
ice life of a polymeric material in its intended service environment. In this section, three
strategies will be used to link the field and laboratory exposure results. At present, the
only measure of degradation that will be used to establish this linkage is chemical dam-
age. The first strategy employed was to use the ratios of the intensities of IR bands cor-
responding to the different chemical changes to evaluate if the degradation mechanisms
between the laboratory exposure and field exposure are the same. The second strategy is
a model-free heuristic approach. A computer program is written to estimate the damage
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Figure 20—Comparison of the predicted damage and observed damage for IR bands at 1250
cm–1, 1510  cm–1, 1658 cm–1, and 1728  cm–1 for one specimen in G17 that was exposed to
outdoor chamber from 7/19/04.

Figure 19—Plots of absorbance loss at 1250  cm–1 versus absorbance loss at 1510
cm–1 (left) and absorbance loss at 1510  cm–1 versus absorbance increase at 1658
cm–1 (right) for SPHERE exposed specimens and outdoor exposed specimens. The
SPHERE exposure parameters include four temperatures (25°C, 35°C, 45°C, and
55°C), four relative humidities (0% RH, 25% RH, 50% RH, and 75% RH), four wave-
lengths (306 nm, 326 nm, 353 nm, and 450 nm) and 100% irradiance level, except
only 0% RH for 25°C. Outdoor specimens include 14 groups (G4–G17) exposed in
outdoor chamber. Four replicates are shown for each specimen.
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of outdoor exposed specimens based on the damage/dosage curves from the SPHERE
exposure. The outdoor environmental data used were taken at 12-min intervals, includ-
ing spectral dosage, temperature, and RH. The third strategy is using a prediction model30

to calculate the damage of the specimens exposed outdoors. This model is based on total
effective dosage model and the accumulated damage. Similar to the second strategy, the
damage was accumulated over each 12-min interval. The calculated outdoor damage is
compared to the observed outdoor damage to verify if field damage is predicted from lab-
oratory results.

USING CHEMICAL RATIO AS A METRICS FOR DEGRADATION MECHANISM COMPARISON:
Figure 19 presents the ratios of chemical changes (1250 cm–1 versus 1510 cm–1, left; 1510
cm–1 versus 1658 cm–1, right) for specimens exposed to SPHERE at 32 different conditions
and specimens exposed to the outdoor chamber from 14 different times of the four years.
A total of 184 curves are displayed in each plot, including 128 curves from laboratory expo-
sure and 56 from outdoor exposure. The superimposition of these curves is observed for
both plots, indicating that not only the degradation mechanisms within the 32 different lab-
oratory conditions are the same, but they are also the same as those from the 14 outdoor
exposures. As we know, the outdoor environment is time-dependent and cycling; it seems
that these environmental variables do not significantly affect the mechanism of chemical
degradation of the amine-cured epoxy. 

MODEL-FREE HEURISTIC APPROACH: This approach uses a computer program to
estimate the damage of the outdoor exposed specimen from the actual damage/dosage
curves based on the SPHERE exposure. In this approach, the damage was accumulated
over each 12-min interval. The solar spectra, temperature, and RH inside/outside the
outdoor chamber for each time slice were input to the program. When the outdoor tem-
perature or RH was not included in the conditions performed in the SPHERE, the clos-
est set of conditions available was used. In the process, the solar radiation was separat-
ed into the dose passing through the four filter ranges so that the incremental dose was
known for each filter range for each time slice. No filters were used for outdoor expo-
sures. In the estimation of the evolution of the damage of an outdoor specimen, the lat-
est estimate of the damage (with a starting value of zero) was used to find the correspon-
ding amount of dosage from the damage/dosage curve of the closest SPHERE condition
through one of the four filters. The incremental solar dosage from the outdoor time slice
was used to move along the curve to a new level of dosage in the SPHERE exposure
curve and the corresponding damage was found. This new damage level was then used
to repeat the process for the next filter. The process was cycled over the filters and sub-
sequent 12-min intervals of outdoor exposure until the time period between specimen
spectra had been covered. The additivity law was assumed to be obeyed, thus the dam-
age was summed up from each filter range. The estimated damage and the observed
damage for the outdoor exposed specimens can be plotted against outdoor exposure time
or the total dosage. When the dosage is selected, the different efficiencies of different
ranges of wavelength should be taken into account for the total dosage calculation. A
typical example is shown in Figure 20, corresponding to G17, which was exposed to the
outdoor chamber from 7/12/04. Another example is shown in Figure 21, corresponding
to a group exposed to real outdoor (G11-Out). As can be seen, for both exposures, the
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Figure 22—Comparison of the predicted damage and observed damage for IR bands at 1250
cm–1, 1510  cm–1, 1658  cm–1, and 2925  cm–1 for one specimen in G3-10 that was exposed to out-
door chamber from 8/30/02.

Figure 21—Comparison of the predicted damage (calculated) and observed damage (actual) for IR bands
at 1250  cm–1, 1510  cm–1, 1658  cm–1, and 1728  cm–1 for one specimen in G11 that was exposed to real
outdoor from 5/06/03.



calculated damage from all four FTIR peaks agrees well with the actual damage as a
function of outdoor exposure time, which includes the nighttime.

CUMULATIVE DAMAGE MODEL30: The cumulative damage model can be expressed as

(1)

where is the standardized level of damage at time 0,
is the long-term asymptote, and z is as defined in equation (2) 

(2)

Here d(t) is the effective total dosage, and μ, and ο are parameters that describe the loca-
tion and steepness of the damage curve, respectively. Then the prediction equation for the
cumulative amount of damage at time t, based on the incremental values of dosage is

where

The details about the cumulative damage model can be found in reference 30. The
parameters in the model for temperature, RH, wavelength, or the light intensity are esti-
mated from the SPHERE exposure results. However, these parameters should be a func-
tion of the environment and additional unknown parameters. The outdoor environmental
data are taken at 12-min intervals, including spectral dosage, temperature, and RH. To
test the predictive model, the calculated outdoor damage is compared to the observed out-
door damage with respect to total dosage. A few typical examples are shown in Figure
22. The results reveal that the calculated damage from the predictive model generally
agrees with the observed damage. Work on improving the prediction methods is being
carried out, and a better prediction model will be presented in the future.

In summary, all three approaches have successfully linked the laboratory results to the
outdoor data, and the chemical changes of the model epoxy coating exposed to outdoor
environments are effectively predicted from the SPHERE data by both the model-free
empirical approach and the accumulated damage prediction model. Further work on val-
idation of these approaches using some physical properties such as yellowing index and
gloss retention will be investigated. 

CONCLUSIONS

A linkage between laboratory and field exposure results for a model epoxy coating
system has been established using total effective dosage model, assuming the validity of
the additivity law and reciprocity law. Precise, accurate, and time-based measurements
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on both exposure environments and degradation properties have been carried out. Based
on the data from well-controlled SPHERE exposures, effects of critical environmental
conditions on chemical degradation of the UV-exposed epoxy materials have been inves-
tigated. It has been found that exposure conditions such as intensity of UV irradiation,
the wavelength of the spectral UV, the temperature, and the relative humidity all play
important but different roles on the efficiency of the chemical damage with respect to per
unit dosage. High humidity tends to retard the formation of photooxidation products
related to the IR band at 1728 cm–1, but other parameters such as different wavelengths
and different light intensities do not influence the mechanism of the chemical degrada-
tion. The outdoor exposure was carried out on the roof of a NIST laboratory located in
Gaithersburg, MD. Due to the cyclic changes in each outdoor weathering variable, the
temperature and RH of the outdoor exposure were continuously recorded every minute
while the solar spectrum was recorded every 12 min. Chemical changes in the specimens
exposed outdoors were measured in the same way as for the SPHERE exposed speci-
mens. It was found that the mechanism of chemical degradation for samples exposed to
outdoor environments was exactly the same as the degradation mechanisms observed in
laboratory exposed specimens. Chemical degradation depends on the total effective
dosage of exposed specimens exposed in different seasons in addition to the specimen
temperature and humidity. Lastly, three approaches have been used to link the chemical
degradation data from both the SPHERE and the outdoor exposures. Successful linkages
have been made between the laboratory results and the outdoor data via all three
approaches. Both the model-free empirical approach and the accumulated damage pre-
diction model can be used to predict the outdoor performance of the epoxy material from
the SPHERE data.
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INTRODUCTION

Background 

Photodegradation, caused by UV radiation, is a primary cause of failure for paints and
coatings (as well as all other products made from organic materials) exposed to sunlight.
Other variables that affect degradation rates include temperature and humidity.
Manufacturers of such paints and coatings have had difficulty in using laboratory tests to
predict field experience for their products. Historically, most of the laboratory tests
attempt to accelerate time by “speeding up the clock.” This is done by increasing the
average levels of experimental 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 the basic
rules of good experimental design. For example, varying important factors together tends
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A Statistical Model for Linking Field and
Laboratory Exposure Results for a Model Coating
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Today's manufacturers need accelerated test (AT) methods that can usefully
predict service life in a timely manner. For example, automobile manufacturers
would like to develop a three-month test to predict 10-year field reliability of a
coating system (an acceleration factor of 40). Developing a methodology to
simulate outdoor weathering is a particularly challenging task and most previ-
ous attempts to establish an adequate correlation between laboratory tests and
field experience have met with failure. Difficulties arise, for example, because
the intensity and the frequency spectrum of ultraviolet (UV) radiation from the
Sun are highly variable, both temporally and spatially and because there is
often little understanding of how environmental variables affect chemical
degradation processes. 

This chapter describes the statistical aspects of a cooperative project being
conducted at the U.S. National Institute of Standards and Technology (NIST) to
generate necessary experimental data and the development of a model relating
cumulative damage to environmental variables like UV spectrum and intensity,
as well as temperature and relative humidity. The parameters of the cumulative
damage are estimated from the laboratory data. The adequacy of the model
predictions are assessed by comparing with specimens tested in an outdoor
environment for which the environmental variables were carefully measured.



to confound the effects of the factors. Also, levels of the accelerating variables that are
too high may induce new failure modes. For these reasons, such accelerated tests provide
little fundamental understanding of the underlying degradation mechanisms, and conclu-
sions from them can be seriously incorrect. 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 (where it is hot and humid) and Arizona
(where it is hot and dry). Outdoor testing, however, is costly and takes too much time.

Martin et al.1 and Martin2 provide a detailed description of issues relating to predic-
tion of service life (SL) for paints and coatings. In general, the accelerated test method-
ology for photodegradation is much more complicated than those typically used for elec-
tronic and mechanical devices (e.g., as described in Nelson3 and in Chapters 18–21 of
Meeker and Escobar.4) This is because of the complicated chemical/physical failure
mechanisms involved and the highly variable use environment. 

Motivation

Accelerated test (AT) methods have proven to be useful for predicting the SL of mate-
rials in certain applications. These range from jet engine turbine disk materials to highly
sophisticated microelectronics (these successful applications are described, for example,
in Gillen and Mead,5 Joyce et al.,6 Starke et al.,7 and the many examples cited in
Nelson.3) In other areas of application, however, AT methods often yield predictions that
do not correlate well with field data. This is particularly true for products exposed to out-
door weathering, such as organic paints and coatings used on automobiles, bridges, build-
ings, and other outdoor structures (e.g., Martin et al.1 and Wernstål and Carlsson.8) For
this reason, conventional laboratory AT methods are not trusted for outdoor-use products
and potential users of such tests have been forced to rely on expensive, time-consuming
outdoor testing. 

Traditional applications in reliability and service life prediction based on accelerated
test results involve chemical degradation that is accelerated by increasing variables like
temperature, humidity, and current density or voltage stress, using statistical models that
are motivated by knowledge from physical chemistry. The research described in this
chapter is a natural extension of previous work in this area to the more complicated area
of photodegradation.

EXPERIMENTAL DATA

Degradation (or damage) at time t, denoted by , usually depends on environmen-
tal variables like UV, temperature, and relative humidity that vary over time. Laboratory

tests are conducted in well-controlled
environments, usually holding these
variables constant (although in other
experiments such variables are pur-
posely changed during an experiment,
as in step-stress accelerated tests).
Interest often centers, however, on life
in a variable environment. 
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Table 1—Bandpass Filter Characteristics

Range Nominal Filter Midpoint

303 nm 309 nm 306 nm
320 nm 332 nm 326 nm
334 nm 372 nm 353 nm
372 nm 532 nm 452 nm



Time Scale for Photodegradation

It is important to choose an appropriate time scale to describe the behavior of a failure
mechanism (e.g., number of miles for an automobile engine bearing or number of cycles
for fatigue caused by cyclic stress). The appropriate time scale for photodegradation is
photon dosage. In our data sets, dosage is given in units of KJ/m2/nm and is a number that
is proportional to the number of photons absorbed into the experimental specimens.

Indoor Data 

In the current phase of the NIST research program, the goal has been to develop a
service life prediction methodology using a crosslinked epoxy amine coating system as a
simple model. The methodology described in this chapter is being developed, however,
to allow easy generalization to service life prediction of other types of materials that will
be exposed to outdoor weathering. 

Researchers at NIST have conducted weathering experiments in both the indoor lab-
oratory, as well as in outdoor exposure facilities. Indoor data are being taken in temper-
ature/humidity-controlled chambers illuminated by controlled UV light from the NIST
Sphere (described in Martin et al.2 and Chin et al.9).

Indoor data received from NIST consist of the variables:

• Specimen Number (SA) identifying the testing chamber number and a number of
a particular specimen within the chamber.

• Damage number (DA) for four peaks in the measured FTIR spectra. The heights of
the peaks correspond to the amount of particular chemical products and these were
measured systematically, over time, and have units cm–1. One of the studied dam-
age numbers was the peak at 1510 cm–1, which corresponds to benzene ring mass
loss. Other peaks being used as potentially useful responses include 1250 cm–1

(aromatic C–O), 1658 cm–1 (oxidation products), and 2925 cm–1 (CH mass loss).
• Bandpass Filter (FI) is the center wavelength in nanometers (nm) of the bandpass

filter used in exposure. Table 1 also gives the range of the bandpass filters.
• Neutral Density (DE) is the nominal transmittance rate of a neutral density filter

ranging from 0% to 100%.
• Temperature (temp) in Celsius. 
• Relative humidity (RH) which ranges from 0% to 100%.
• DOSAGETot, as part of the indoor data, is a metric proportional to the total num-

ber of photons absorbed into the degrading material.
• DAMAGE values are the responses and measure the photolytic part of the chemi-

cal damage to the test specimens.
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Table 2—Experimental Variables and Levels

Variable Units Levels

Damage number (DA) ................cm–1 1250,1510, 1658, 2925
Bandpass filter (FI) ......................nm 306, 326, 353, 452
Neutral density (DE).....................% 10, 40, 60, 100
Temperature (temp) .....................oC 25, 35, 45, 55
Humidity (RH)...............................% 0, 25, 50, 75



• Wall Clock is the real clock time when the data is recorded, as the number of days
since January 1, 1900.

Table 2 shows the levels of the experimental variables in the Indoor data. Not all com-
binations of humidity and temperature levels data were available at the time of the analy-
sis provided here. Table 3 shows the combinations that we used.

Outdoor Damage Data

Outdoor exposure data on specimens made of the same material were also collected
at NIST. For outdoor specimens, damage is typically measured after every few days of
exposure and this information is recorded in addition to spectral irradiance and weather
data (temperature and humidity). Although there was no control of experimental vari-
ables for the outdoor data, temperature, humidity, and solar data were recorded, as
described in the next subsection. Specimens in the outdoor were grouped by date, with
18 groups and four replicates for each group. Each group was exposed across different
months, therefore temperature and humidity change from group to group. The outdoor
data will allow us to check our predictive model. This will be done by generating dam-
age predictions based on the model derived from the indoor data. To do this, the indoor
model is driven by the outdoor weather data to compute predictions that can be compared
with the corresponding actual outdoor damage.

Outdoor Weather Data

SOLARNET, a solar UV data network, stores spectral irradiance data with a 12-min
resolution as well as climatological data (temperature, relative humidity, etc.) as 1-min
averages (described in Kaetzel10). 

ANALYSIS AND INITIAL MODELING

Initially, extensive graphical analyses of damage versus dosage path plots were con-
ducted to get a good understanding of the data and possible relations among variables in
the data set. Plots of empirically estimated acceleration factors provided insight on the
effects that experimental explanatory variables have on the response.

Acceleration factors are commonly used to describe the effect that accelerating vari-
ables or other experimental variables have on lifetime or degradation rates. Acceleration
factors can be expressed as the ratio of life at “fixed test conditions” to life at “higher test
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Table 3—Available Data

RH
Temp 0% 25% 50% 75%

25oC x — — —
35oC x ✓ ✓ ✓
45oC x ✓ ✓ x
55oC x x x ✓

— Data not available 
✓ Data used for modeling 
x Data not used for modeling



conditions.” Acceleration factor plots were examined for temperature, humidity, and the
different UV radiation band pass filters.

Data Cleaning

An important phase of modeling is looking at the raw data to identify strange patterns,
outliers, or other data anomalies that could affect the modeling efforts and possibly result
in unreliable estimates. Even though data were collected under a controlled environment
using sophisticated analytical devices to assure the accuracy of the data, exhaustive use
of graphical assessment procedures helped to identify some potential problems. The root
cause for all such problems was determined and appropriate adjustments were made to
the data. For example, we detected a sharp drop in the damage rate for samples at 45°C
and 75% RH. The root cause for this problem was the failure of an integrated circuit chip
in the environmental controllers that caused the samples in one of the chambers to be
overheated for a period of time. Similar problems were identified at 55°C and 25% RH
as well as at 55°C and 50% RH. Those specimens that were subjected to this overheat-
ing were not used in the modeling process. Also, data from the bandpass filter with nom-
inal midpoint of 353 nm did not agree with the data from the other bandpass filters when
fitting a model to estimate the effect of wavelength on damage rates. For this reason,
these data were also ignored in the modeling.

Another potential data complication is a change of direction of the degradation path.
For example, Figure 1a shows that the FTIR peak at 1658 cm–1 increases until dosage
reaches approximately 4 x 103 KJ/m2/nm, after which the degradation paths begin to
decrease. This behavior is thought to be caused by physical and chemical changes in the
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Figure 1—Illustration of data cleaning for the FTIR peak at 1658 cm–1 for units
exposed with 326 nm nominal bandpass filter midpoint and 75% RH. (a) Original data
paths. (b) Data paths after deleting outliers and increasing tails.
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specimens. Because the turning point is far beyond the definition of failure, modeling
beyond the turning point is not needed. Thus, we cut increasing/decreasing tails after the
turning point for those cases where degradation paths changed direction. In addition,
specimens at 0% RH were used only in the preliminary stages to understand data behav-
ior. Because 0% RH is outside of the region of interest and because there was no appar-
ent simple model to connect these “dry” results with the units run with humidity, the 0%
RH data were not used in our modeling.

Initial Modeling

The data that have been analyzed to date seem to be consistent with both first-order
and second-order kinetic models. Over the dosage range of interest, [that is up to the
point where has reached a failure state] we have found, empirically, that the simple
parsimonious functional form

(1)

(2)

fits the data well for all FTIR peaks of interest and at all combinations of the experimen-
tal factors for which we have received data. Here, d(t) is the effective total dosage. Also,

is the standardized level of damage at time 0 and is the long-term asymptote;
while µ and σ are parameters that describe the location and steepness of the damage
curve, respectively. In the overall model, time-scaling factor exp(µ) will be a function of
the environment and additional unknown parameters. When fitting data to a single path,
if the asymptote cannot be estimated from the data (because the path has not begun to
level off sufficiently), a good fit to the data can be obtained, without loss of generality,
by setting to a safe lower bound (upper bound) on the asymptote when the damage
variable is decreasing (increasing). When we fit data to the overall model, we will be able
to “borrow strength” from paths at other conditions where the asymptote can be identi-
fied. The NIST data on the epoxy material under study suggest that there is, approximate-
ly, a common asymptote for each FTIR peak, independent of the experimental conditions
and we assume this in the overall model.

As an aid in model identification, a plot of an acceleration factor versus a particular
experimental variable can be generated by fitting the model in equations (1) and (2) with
a common value of σ and a different value of µ for each level of experimental variable.
The acceleration factor at a given test level of the variable, relative to a specified refer-
ence level, is

The acceleration factors for the different levels of the experimental variables can be
plotted in a manner such that the points should fall roughly along a straight line if the
hypothesized model is adequate.

( )Ð 0

[ ]log ( )d t
z

μ
σ

−
=
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MODEL FOR THE EFFECT OF UV RADIATION 
ON PHOTODEGRADATION

Many of the ideas in this section are based on early research into the effects of light
on photographic emulsions (e.g., James11) and the effect that UV exposure has on caus-
ing skin cancer (e.g., Blum12).

Model for Total Effective UV Dosage

As described in Martin et al.,1 the appropriate time scale for photodegradation is DTot,
the total effective UV dosage. Intuitively, this total effective dosage can be thought of as
the number of photons absorbed into the degrading material and that cause chemical
change. The total effective UV dosage at real time t can be computed from 

(3)

where the instantaneous effective UV dosage DInst is 

(4)

Here, E0 is the spectral irradiance of the light source (both artificial and natural light
sources have mixtures of light at different wavelengths, denoted by ), 
is the spectral absorbance of the material being exposed (damage is caused only by pho-
tons that are absorbed into the material), and φ(λ) is a quasi quantum efficiency (QQE)
of the absorbed radiation (allowing for the fact that photons at shorter wavelengths have
higher energy and thus a higher probability of causing damage). The functions in the inte-
grand of equation (4) can either be measured directly (E0 and A) or estimated from exper-
imental data (φ(λ)). The definition of dosage in equation (4) differs from the dosage in
our data (as described in the previous section on Indoor Data) because the QQE function
is unknown and needs to be identified from the experimental data.

Intensity Effects and Reciprocity

The intuitive idea behind reciprocity in photodegradation is that the time to reach a
certain level of degradation is inversely proportional to the rate at which photons reach
the material being degraded. Reciprocity failure occurs when the coefficient of propor-
tionality changes with light intensity. 

Although reciprocity provides an adequate model for some degradation processes
(particularly when the dynamic range of intensities used in experimentation and actual
applications is not too large), numerous examples have been reported in which there is
reciprocity failure (e.g., James11 and Blum12). Light intensity can be affected by filters.
Sunlight is filtered by the earth’s atmosphere. In laboratory experiments, neutral density
filters are used to reduce the amount of light passing to specimens (without having an
important effect on the wavelength spectra), providing an assessment of the degree of
reciprocity failure. 
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Reciprocity also implies that the effective time of exposure is 

(5)

where CF is an acceleration or deceleration factor for UV intensity. For example, com-
mercial outdoor test exposure sites use mirrors to achieve, say, “5 Suns” acceleration or
CF = 5.  A 50% neutral density filter in a laboratory experiment will provide decelera-
tion corresponding to CF = 0.50.

When there is evidence of reciprocity failure, the effective time of exposure is often
modeled by 

(6)

where p is known as the Schwarzschild coefficient. This model has been shown to fit data
well and experimental work in the photographic literature (e.g., James, 197711) suggests
that when there is reciprocity failure, the value of p does not depend on wavelength .
A statistical test of p = 1 can be used to assess the reciprocity assumption. 

For the NIST data on the epoxy material under study, there is no evidence of reciproc-
ity failure. Thus, for this material, we expect to be able to use p = 1 . Our model is, how-
ever, general enough to allow for reciprocity failure. Therefore, for modeling purposes,
averages of damage values for specimens exposed at same conditions but different neu-
tral density filters were used instead of individual paths.

Wavelength Effects

Following other work in the area of photodegradation (e.g., Miller at al.14), we will
assume a simple log-linear model for QQE. That is,
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Figure 2—Quantum yield model check for the 1250 cm–1 FTIR peak for
specimens exposed at 35°C and 25% RH.
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The integral in equation (5) and subsequent integrals over wavelength are typically
taken over the UV-B band (280—315 nm), as this is the range of wavelengths over which
both and are importantly different from 0. Longer wavelengths (in the UV-A
band) are not terribly harmful so that . Shorter wavelengths (in the UV-C band)
have more energy, but are absorbed by ozone in the atmosphere so that .

An example of an acceleration factor versus wavelength plot is shown in the upper
plot of Figure 2. The horizontal lines indicate the band pass filter width. These lines
exhibit a log-linear relation for QQE except for observations corresponding to BP filter
353. Because observations from BP filter 353 were not consistent (in terms of our esti-
mated QQY function) with the observations from the other BP filters, the 353 BP data
were not used in the estimation of the parameters of the model.

The lower plot in Figure 2 shows degradation paths of observed damage averaged
over all specimens under experimental 35°C, 25% RH, 1250 cm–1 FTIR peak, and a par-
ticular nominal bandpass filter midpoint. Different symbols were used to identify the
bandpass filters. Filled marks and continuous lines identified data that were used in the
modeling, while dashed lines and open marks were used to represent data that were avail-
able, but not used in the modeling as explained in the section on Data Cleaning. Figure
2 shows that, all other things being equal, wavelength has an effect on damage that tends
to be stronger at shorter wavelengths.

Implicit in the model in equation (4) is the assumption of additivity. Additivity
implies, in this setting, that the photoeffectiveness of a source is equal to the sum of the
effectiveness of its spectral components. Experimental results obtained by NIST
researchers support additivity in photodegradation of organic materials that have been
studied to date.

MODEL FOR OTHER EXPERIMENTAL VARIABLES

Temperature Effects

As described, for example, in Chapter 18 of Meeker and Escobar4 the Arrhenius equa-
tion for the reaction rate can be written as

where temp K is temperature Kelvin, R is the gas constant (R = 8.31447 J x K–1 x mol–1),
Ea is a quasi activation energy and γ0 is a constant specific to a product or material.

The Arrhenius rate reaction model can be used to scale time (or dosage) in the usual
manner and the upper plot in Figure 3 shows the acceleration factor versus temperature,
plotted relative to 35°C and accelerated temperatures from 35°C to 55°C. Because 25°C
data were not available for all humidity levels, for sake of consistency  35°C was used as
a basis level for calculating acceleration factors. Temperature was plotted on an
Arrhenius scale while acceleration factor was plotted on a logarithmic scale. The accel-
eration factor for a temperature of 45°C is approximately 1.2. This means that the life at
the use level of 35°C is approximately 1.2 times longer than the life at 45°C.  The bot-
tom plot in Figure 3 shows degradation paths for specimens at the 1250 cm–1 FTIR peak,
306 nm nominal bandpass filter midpoint, 25%  RH, and at three different temperatures.
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Figure 3 shows the effect of temperature on degradation. As expected, specimens
exposed to higher temperatures tend to degrade faster than those at same conditions and
lower temperatures.

Humidity Effects

Relationships between degradation rate and humidity are more complicated. Different
chemical reactions respond differently to humidity and therefore damage degradation
paths, for each FTIR peak will relate in an individual manner to humidity. In our initial
efforts to find an appropriate model for the humidity effect presented here, our approach
is more empirical than scientifically based. NIST researchers do, however, have initial
hypotheses on the reasons for the observed behaviors and we expect that these will be
used in subsequent modeling efforts.
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Figure 3—Arrhenius model check for the 1250 cm–1 FTIR peak for speci-
mens exposed to 306 nm nominal bandpass filter midpoint and 25% RH.
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Figure 4—Indication of linear decreasing humidity effect for the 1250 cm–1

FTIR peak for specimens at 45°C.



Figure 4 has linear axes for humidity and logarithmic axes for the acceleration factor,
plotted relative to 0%  RH. As seen in Figure 4 (for the 1250 cm–1 FTIR peak), the NIST
data suggest that the degradation rate decreases linearly as a function of relative humid-
ity. Similar relationships are apparent in all of the other FTIR peaks. 

Overall Model and Bandpass Filter Approximation

Combining all of the model terms in equations (2) and (6), with

we have

(7)

where 

For the indoor data we have dosage over a range of a bandpass filters. For simplicity, we
assume a BP filter with rectangular shape over the given range for the filter. Therefore,
DOSAGEtotλ corresponds to the value of the reported dosage divided by the range of the
filter, giving the approximate dosage for the 2 nm intervals that correspond to the outdoor
data.

The parameters, β0 and β1, for the QQY relationship, Ea and β2, are characteristic of
the material and the degradation process and in our modeling we used p = 1  because
there was no evidence against reciprocity. As a typical example, Figure 5 shows fitted
lines for the proposed overall model for one response and experimental condition: the
1250 cm–1 FTIR peak, for specimens exposed under the 306 nm BP filter and 25% RH.
The fit between the data points and the fitted model is good, considering the broadness
of the response surface model. Deviations from the model are on the same order as the
unit-to-unit experimental error when units were exposed at different times. We had sim-
ilar results for other combinations of damage number, bandpass filter, and humidity.
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Figure 5—Indoor data versus the
fitted model for the 1250 cm–1 FTIR
peak for specimens exposed under
the 306 nm BP filter and 25% RH.



PREDICTIVE FORM OF THE CUMULATIVE DAMAGE MODEL

Cumulative Damage in a Time-Varying Environment

This section outlines the model that we used to predict total cumulative damage
as a function of a given environmental time series realization ξ(τ) . The main difference
in the predictive model is that the environmental variables can be allowed to vary with
time. For a given environmental profile  ξ(τ), the cumulative damage at time t for a par-
ticular unit can be expressed as 

(8)

where .

Evaluation Total Damage in a Time-Varying Environment

The integral in equation (8) is reasonably easy to compute after appropriate discretiza-
tion of the time axis. The environmental data that we will use is reported at 12-min inter-
vals. Thus, equation (8) will be computed with a summation in which the environmental
conditions will be constant over each 12-min period of time. Missing environmental data
can be replaced by using a simple interpolation scheme.

For the cumulative damage model given in equation (1), the derivative of the cumu-
lative damage with respect to dosage d(t) is

(9)

where z is as defined in equation (2) and d(t) is defined in equation (7), with estimates
used to replace the unknown parameters. Then the prediction equation for the cumulative
amount of damage at time t, based on the incremental values of dosage, is:

(10)

where 
To test the predictive model, first we apply it to predict cumulative damage observed

in the indoor data (constant environmental conditions). As expected and as shown in
Figure 6, the predictions from the incremental model correspond almost exactly with the
fitted model and agree well with the indoor data that were obtained under a controlled
environment. Although this is a useful check, it is not proof of model adequacy because
we are comparing the predictions against the same data that were used to build the model. 

Prediction in a Time-Varying Environment

In this section we use our predictive model in equation (10) to predict the damage
observed in the outdoor exposure chambers, to check our ability to use a model estimat-
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Figure 6—Comparison of the overall fit-
ted model and the predictions for the
1250 cm–1 FTIR peak for specimens
exposed at 306 nm nominal bandpass fil-
ter midpoint, 35°C, and 25% RH.

ed from indoor data, to predict outdoor damage. We computed such predictions corre-
sponding to all of the units that were tested in outdoor chambers at NIST. Here we show
a few typical examples.

Our predictive model uses indoor data to estimate parameters of the model, as well as
outdoor information about spectral dosage (every 2 nm), humidity, and temperature.
Figure 7 uses lines to depict predictions for damage for different FTIR peaks for outdoor
exposure group 18. The solid symbols represent the actual outdoor observations for the
same group. For all four FTIR peaks, the different specimens agree well in terms of accu-
mulated damage, as a function of dosage.

Each plot in Figure 8 shows damage versus dosage for four specimens from outdoor
exposure groups G1, G2, G3, and G4. Each of these groups began exposure at different
points in time during 2002. Variability between observations of different groups is more

Figure 7—Comparison of the predictions for the outdoor specimens “G18-8,” “G18-
9,” “G18-10,” and “G18-11” that were exposed at same time.
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apparent in this plot than what we see in Figure 7 because specimens began outdoor
exposure at different points in time. That is, variability among these specimens is larger
than what we see in Figure 7, due to different weather conditions during the different
periods of exposure.

CONCLUDING REMARKS

This chapter describes the methodology that we have developed to use indoor accel-
erated test data to find a model for describing the effects that environmental variables
have on degradation rates. We have used this model to predict degradation rates and
cumulative degradation in a time-varying environment, using outdoor weather data to
drive the model. The variation between the predictions and the actual outdoor data is sim-
ilar to the variability that we see in actual outdoor data. We would like to thank our many
colleagues at the National Institute of Standards and Technology (NIST) who provided
data, advice, and encouragement during the course of this research. These include Jonnie
Chin, Brian Dickens, Xiaohong Gu, Tinh Nguyen, and Jonathan Martin. Iliana Vaca-
Trigo’s work on the research in this paper was partially supported by NIST Financial
Assistance Award 60NANB6D6002.
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INTRODUCTION

All polymer aging processes, natural degradation, and weathering are dependent on
temperature. An increase in temperature will normally accelerate the chemical reactions
or physical relaxation phenomena that govern polymer degradation reactions. It is also
widely accepted that excessively accelerating degradation reactions—for example, con-
ducting aging experiments over a few days to predict lifetimes of “years”—may intro-
duce unknown mechanistic changes and large uncertainties in the predictive value of
such experiments. Similar issues are of concern when conducting accelerated photo-
degradation experiments with high short wave-length contributions or when conducting
accelerated γ-irradiation experiments using high dose rates. It is not uncommon for
experimentalists to be under pressure from their customers to provide fast feedback on
materials performance, either via screening tests or otherwise limited studies. Lack of
time, funding, and a limited understanding of the complexity of accelerated polymer
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More confident lifetime prediction of the performance of polymeric materials
requires a better understanding of how temperature may not only accelerate
aging but also introduce mechanistic variation in the degradation process
itself. Such effects may occur in any high stress level environments that contain
a thermal reaction component, i.e., thermal aging, UV, hydrolytic, and gamma
initiated degradation. The underlying reactions that govern the degradation of
a material at the low stress level environment may not be represented to the
same degree under accelerated conditions. Additional chemical and physical
reactions can be introduced under high stress level conditions leading to
anomalies and complications for lifetime prediction. Sensitive oxidation rate
measurements, monitoring the consumption of an antioxidant, or chemilumi-
nescence based wear-out experiments can be suitable avenues to probe for
variations in thermal degradation processes. Under dynamic temperature con-
ditions, knowledge of the exact thermal history and the dominant thermal reac-
tion component, as well as its activation energy, is needed to better establish
mean degradation rates and understand “real” temperature contributions.



aging can result in aging studies with little predictive value and inadequate fundamental
feedback.

There is a general trend in the literature to better address the extrapolation of acceler-
ated aging studies.1,2 In particular, the concept of linear Arrhenius-based extrapolations
when temperature is the driving force for acceleration has attracted increased scrutiny.
The awareness is growing that Arrhenius curvature in thermal aging studies is an issue
that requires careful consideration. In the extreme case, a reversal in polymer stability in
radiation thermal aging due to the balancing act between scission and crosslinking reac-
tions as a function of temperature can occur. While perhaps not common, faster degrada-
tion at lower temperatures was observed, meaning extrapolations from limited high tem-
perature aging studies would be impossible.3,4 A secondary factor often associated with
fast aging studies conducted at elevated temperatures is the occurrence of diffusion lim-
ited oxidation effects, which can lead to complications in thermal, photo- and gamma-
aging conditions.5-7 Due to fast reactions and the lack of oxygen reaching equilibrium
conditions within materials, obtaining guidance from such experiments is of questionable
value.8 Figure 1 schematically demonstrates DLO effects in the thermal aging of a poly-
mer for example, an elastomeric seal material, and the photo/radiation aging of a multi-
layer coating. At low temperatures degradation features are more homogeneous; at high
temperatures edge effects are apparent and bulk properties have changed less.
Understanding oxygen diffusivity, permeation, and consumption aspects is a necessity
when planning accelerated aging experiments with a goal of yielding meaningful predic-
tive capabilities.9,10
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Figure 1a—Limited oxidation in the center at elevated
temperatures.

γ

Figure 1b—Preferential degradation of top layer of coating under highly accelerated
conditions.



Besides DLO conditions that can result in mechanistic variations with temperature,
additional complications may occur in accelerated aging studies based on differences in
the dominant chemical processes as a function of temperature. Such effects are general-
ly difficult to measure and require comprehensive aging experiments over a large tem-
perature range. In this conference contribution, we briefly review our latest results on
developing improved analytical techniques and gaining a better understanding of temper-
ature effects on thermal degradation. Careful multi-year aging studies were conducted to
determine the subtle signatures of non-linear Arrhenius behavior and related mechanistic
changes that may occur over a large temperature range. 

EXPERIMENTAL

For most of the studies discussed here, a crosslinked hydroxy-terminated polybutadi-
ene-based (HTPB) elastomer was used that was thermally aged over a large temperature
range from RT to 125°C. The material is initially stabilized with 1% of a phenolic antiox-
idant (AO 2246). The material and processing details, as well as initial aging studies,
have been reported earlier.11 The material degradation as a function of temperature and
time was monitored via oxygen consumption,2,9,11,12 antioxidant extraction and quantifi-
cation,13 and chemiluminescence as a condition monitoring tool.14

DISCUSSION

Non-Linear Arrhenius Extrapolations Based on 
Oxidation Rate Measurements

Lifetime prediction of polymeric materials often requires extrapolation of accelerated
aging data with the suitability and confidence in such approaches being the subject of
ongoing discussions and extensive materials aging studies. We have been involved in
long-term efforts to determine the importance of non-linear Arrhenius effects and to
understand the chemical changes underlying such behaviors.

A convenient technique that allows monitoring of degradation sensitivities over a
large temperature range is oxygen consumption, which measures the oxidation rate of
materials.2,9,11,12,15-17 This approach has been established as a routine analysis and has
provided valuable information with predictive quality for many materials. Most impor-
tantly, various studies using this technique have shown clear evidence for faster oxida-
tion rates than would be predicted at lower temperatures.1,11,18,19 This led to the question
as to whether other examples of Arrhenius curvature in degradation data can be found in
the literature. Hence, the evidence of non-Arrhenius behavior (curvature) in various poly-
mer degradation studies was reviewed.2 While many of these studies certainly empha-
sized mechanistic variations and their importance for changes in activation energies, indi-
vidual activation energies or a more detailed description of curvature were often not pre-
sented. To enable better analysis and interpretation, a simple mathematical approach
describing the Arrhenius curvature was introduced. It was proposed that at minimum two
competing reactions or two critical reactions with individual temperature dependence
within a more complex reaction scheme should result in simple curvature. This allowed
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for excellent fitting of many experimental data sets as was shown for the thermal degra-
dation rates of some elastomers (see Table 1). It does not require complex kinetic mod-
eling and individual activation energies for a high and low temperature process are easi-
ly determined. Figure 2 shows an example of the oxidation rate shift factors for an
HTPB-PU elastomer over the temperature range of 125°C to RT. The activation energy
changes from 119 to 65 kJ/mol at a cross-over temperature of approximately 62°C, mean-
ing much lower activation energies dominate the low temperature aging conditions.
Reviewing independent data for the thermal degradation of polypropylene, a similar tran-
sition temperature of ~83°C was confirmed (see Table 1), with the high temperature
process having a considerable higher activation energy (107–156 kJ/mol) than the low

temperature process (35–50 kJ/mol). Such
examples demonstrated the excellent fits
that can be obtained by introducing, at a
minimum, two active processes that will
lead to curvature in Arrhenius plots. 

It is important to emphasize that for
accelerated aging studies where evidence of
some curvature exists but limited data are
available, better lifetime predictions could
be made by estimating a low temperature
process activation energy or allowing for a
second rate dependence instead of forcing a
straight line extrapolation. Since low activa-
tion energy processes can dominate at low
temperatures and longer extrapolations
result in larger uncertainties in lifetime pre-
dictions, experiments focused on estimating
Ea values at the lowest possible temperature
instead of assuming straight-line extrapola-

tions will lead to more confident lifetime
estimates.
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Table 1—Two-Process Fitting Results for Some Elastomers

Ea HT Ea LT T Cross-over Regression
[kJ/mol] [kJ/mol] [°C] (k1=k2) Coefficient

PU rubber, best fit2  . . . . . . . . .119 65 62 0.9993
PU forced fit2  . . . . . . . . . . . . . .125 60 65 0.9984
PU forced fit2  . . . . . . . . . . . . . .110 70 55 0.9980
EPDM black2  . . . . . . . . . . . . . .127 78 123 0.9975
Butyl rubber2  . . . . . . . . . . . . . .100 60 55 0.9976

PP literature data: . . . . . . . . . . . .
Richter (Figure 120)  . . . . . . . . .107 41 83 0.9994
Gijsman (Figure 421)  . . . . . . . .156 36 85 0.9987
Gugumus (Figure 222)  . . . . . . .121 49 83 0.9997
Gugumus (Figure 922)  . . . . . . .146 41 82 0.9995

a)

b)

Figure 2—Example of the curvature observed
in the oxidation sensitivity of a PU elastomer.
The experimental data are fitted with a high
and low temperature process.2



Condition Monitoring via Antioxidant Analysis

While oxidation rate measurements can easily cover a large temperature range, we
have also explored if other techniques could be used to reveal mechanistic variations or
provide data that will show temperature influences on the degradation process. An
approach closely related to obtaining oxidation rates is monitoring the consumption of
antioxidants that are commonly added to provide thermo-oxidative protection in poly-
mers. A careful analysis of the consumption of stabilizers with aging exposure will pro-
vide feedback on the consumption kinetics, i.e., zero, first, second, or more complex
order and how this process may depend on temperature. While such approaches appeared
to be more widely used in the 1970s and 1980s—for example, for cable insulation degra-
dation,23,24—few studies have recently been published despite easy availability of GC
and HPLC based analytical instrumentation. Here we present a brief summary of the
antioxidant consumption analysis with time and temperature of the same HTPB polymer
as discussed above.13

Thermally aged stabilized HTPB elastomer samples were available at temperatures
from 50 to 110°C. The concentrations of extractable antioxidant (AO 2246) in the poly-
mer were quantified via AO solvent extraction and a gas chromatography based method
using internal standards of stable aromatic molecules with similar retention times.
Interestingly, potentially lower molecular weight AO degradation products were not
observed with the GC analysis employed. The decrease in extractable AO levels as a
function of time and temperature was evaluated and correlated with mechanical proper-
ty changes. Figure 3 shows the decrease in extractable AO as a function of time and tem-
perature and how the level of AO relates to the tensile elongation of the material. At high-
er aging temperatures (80 to 110°C) the levels of extractable AO decrease very rapidly in
comparison with slower changes in mechanical properties (tensile elongation). This sug-
gests excellent AO effectiveness or that some additional oxidative protection continues
to be available via degraded antioxidant species, perhaps from a fraction of AO having
been grafted to the polymer or chemically changed, and thereby mimicking an
extractable “depletion” process. At lower aging temperatures (i.e., 50°C or 65°C) the
extractable AO level decreases slowly with aging time, but despite high levels of AO the
concurrent mechanical degradation process is not prevented. A superposition analysis of

49

Figure 3—Decrease in extractable AO concentration at various aging temperatures and a correlation of
these data with the decrease in tensile elongation.



the AO depletion process results in an Ea of ~135 kJ/mol. This temperature dependence
is different than the thermo-oxidative aging process at lower temperatures (~65 kJ/mol),
which is consistent with the AO depletion reactions becoming less important at lower
temperature aging conditions. It also demonstrates that the AO reactions are related to a
mechanistic variation in the thermo-oxidative degradation process and become more
important at higher aging temperatures. 

A corresponding time-temperature superposition of the AO depletion behavior was
conducted, with the resulting shift factors yielding an activation energy of 135 kJ/mol.13

These shift factors, referenced to 50°C, are included in a comprehensive Arrhenius plot,
as shown in Figure 4. It is apparent that the high temperature degradation process
observed for oxidation rates and reduction in mechanical properties correlates well with
the AO depletion features based on similar activation energies. However, the divergence
in shift factors towards high temperatures and lack of Arrhenius curvature (straight line)
for the AO reactions also demonstrates that the reactions leading to loss of extractable
AO are becoming more important with increasing temperature (relatively higher shift
factors). Similarly, oxidation and mechanical property changes will become relatively
more important at lower temperatures, independent of the reactions leading to loss of
extractable AO. This is best demonstrated by comparing the curved Arrhenius plot (oxi-
dation rates and mechanical properties) with a plot of the AO shift factors normalized to
the high temperature degradation using a dashed line parallel to the shift factors original-
ly normalized to 50°C (included in Figure 4). The difference between the curved
Arrhenius plots and AO shift factors (dashed line) at the lower temperatures clearly
shows how the ratio of AO depletion to mechanical degradation decreases at lower tem-
peratures. For these conditions, it is apparent that the oxidative and mechanical degrada-
tion behavior is the dominant degradation process based on its reduced activation ener-
gy. This observation is similar to two competitive reactions resulting in curvature for
Arrhenius plots of shift factors as discussed above. Thus, one may tentatively conclude

that the cause of the changing
degradation chemistry underlying
the observed non-linear Arrhenius
behavior for mechanical degrada-
tion and oxygen consumption is
due to the drop in AO effectiveness
at lower temperatures.

Importantly, these studies sug-
gest that a condition-monitoring
method using quantification of
extractable AO levels in aged sam-
ples as an indicator of accumulated
thermo-oxidative damage would in
fact require a detailed correlation
between mechanical and AO level
changes at each temperature. At
higher aging temperatures, a fast
reduction in AO levels would sug-
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Figure 4—Arrhenius plot of shift factors.



gest rapid degradation but the material
can still maintain some useful properties.
At aging temperatures below 65°C, AO
levels remain higher and change more
slowly, but degradation of the polymer
will nevertheless occur and result in
mechanical failure. Furthermore, because
AO levels appear to remain relatively
constant during the later stages of the
degradation process, measurements of
AO levels would be of limited value for
lower aging temperatures—precisely the
conditions of most interest. These trends,
as shown in Figure 5, would predict
mechanical failure at ambient conditions
at nearly initial concentrations of avail-
able antioxidant. This is a completely unexpected result, but another example of how
temperature can introduce a complexity into the aging process. It supports the following
conclusions. Partial ineffectiveness of this antioxidant for the stabilization of this mate-
rial results in insufficient prevention of oxidative damage at low temperatures.
Alternatively, only a limited fraction of the available AO is actually involved in degrada-
tion inhibition and, furthermore, the oxidative degradation reactions may occur in centers
of spatial heterogeneity despite the presence of high levels of antioxidant. Further, for
condition-monitoring purposes, a universal correlation between AO levels and aging
state or material condition for this material does not exist. Loss of mechanical properties
and oxidative degradation is observed at lower temperatures despite significant levels of
free antioxidant in the material. The antioxidant appears to be limited in its effectiveness
to completely prevent degradation reactions, or only fractions of the total AO available
are actually involved in the inhibition process.

Condition Monitoring via Chemiluminescence Detection

Another technique that has often been regarded as being very sensitive for measuring
oxidative reactions in polymers is chemiluminescence (CL).14,25,26 Here we briefly sum-
marize how CL was applied as a condition-monitoring technique to assess aging-related
changes in the same hydroxyl-terminated-polybutadiene based polyurethane elastomer.

Two chemiluminescence-based condition-monitoring techniques were applied to the
thermally degraded HTPB samples aged between 110 and 50°C. The first CL analysis
was a simple “wear-out” method relying on short-term additional isothermal aging under
oxygen, which yields “wear-out” times and an initial CL rate. The second technique was
a ramped temperature analysis under inert conditions used to quantify the accumulation
of hydroperoxides or similar reactive degradation products in the material as a function
of previous aging exposure. The feedback from these CL experiments and dependency
on fractional damage in the polymer (i.e., prior aging history) were evaluated on the basis
of qualifying this technique as a quick screening or condition-monitoring method for
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Figure 5—AO concentration as a function of
aging temperature for a decrease in mechanical
properties to 75% or 50% of initial elongation,
suggesting a remaining AO level close to the ini-
tial concentration for aging and mechanical
degradation at ambient temperatures.



quantification of degradation levels. These approaches also allowed for examining
whether mechanistic variations with temperature may be present. 

The isothermal approach yielded changes in “wear-out” time and initial CL rates that
were sensitive to prior aging when correlated with mechanical property changes. An
example is shown in Figure 6 for samples that were previously aged at 80°C and then
used to conduct a quick isothermal follow-up CL oxidation experiment under oxygen at
130°C. Rather than relying on sequential and repetitive sample analyses for “wear-out”
aging (using, for example, density or polymer network changes27), this technique allows
for a convenient in-situ monitoring of the “wear-out” experiment. It delivers a time-to-
maximum intensity and initial rate data from the CL experiment. While temperature ramp
experiments can also identify changes or aging effects in these samples, this approach
was shown to be relatively insensitive to previous aging due to a typical auto-accelera-
tive behavior in the levels of CL active species with time.14 Isothermal “wear-out” exper-
iments providing measurements of the initial CL rate (Iini) are the most sensitive and suit-
able approach for documenting material changes during the early part of thermal aging
of this material. The initial rate data were obtained for all aged samples and correlated
with tensile elongation as summarized in Figure 7. There is a trend in the data showing
that this correlation depends on the original aging temperature. The Iini data from the 50
and 65°C series are somewhat lower than the data from the higher aging temperatures.
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Figure 6—Examples of CL isothermal wear-out data of tmax and Iini at 130°C of samples previously aged
at 80°C.

Figure 7—Initial CL intensity (Iini) data from isothermal CL wear-out experiments conducted at 130°C
of samples previously aged from 50 to 110°C and their correlation with tensile elongation.



This is again consistent with a mechanistic variation as a function of temperature11,13 and
a variation in the aging process that becomes more important at lower temperatures.2 In
terms of condition monitoring, it also demonstrates that fractional damage levels are eas-
ily correlated with the initial CL rate and could be used for monitoring aging effects in
this material at ambient conditions.

Temperature Variations in Accelerated Aging Experiments

While accelerated aging studies using individual thermal conditions can be easily con-
trolled to ±1–2°C, it is generally more difficult to control the temperature when UV expo-
sure and γ-irradiation are also required. Field exposure is obviously the most variable sit-
uation in terms of temperature. This shifts our focus briefly to the complexity introduced
by random temperature variations in, for example, outdoor weathering or thermal degra-
dation of materials in actual applications. The following questions arise. Could a mech-
anistic framework be developed providing a better understanding of how temperature
fluctuations may influence the aging process? Is an aging process unaffected if the tem-
perature will temporarily increase by a few degrees and then drop by the same amount
and for an identical length of time? Or, for example in simple terms, what is the effect on
an aging process that should nominally run at 50°C, if the temperature increases to 55°C
for a day and then drops to 45°C for a day to compensate for the previous increase? Is it
meaningful quoting average aging temperatures if large temperature fluctuations occur,
for example, in outdoor weathering? Can unexpected thermal excursions easily cancel
out? What is the overall integrated effect with time? There are plenty of unanswered
questions that are relevant to complex aging scenarios, and with the brief discussion
below we attempt to relate acceleration factors for the thermal reactions to temperature
variations in the overall aging process.

Figure 8 shows an example of possible temperature variations during an experiment
at a mean temperature of 50°C. Increases and decreases in temperature will result in the
acceleration or deceleration of the thermal degradation reaction that may run in parallel
with UV, γ-irradiation, or hydrolytic degradation. Using a simple approximation and dis-
regarding any curvature in the Arrhenius behavior at this point, acceleration factors are
easily calculated using equation (1), and depend on the activation energy and the reaction
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T

Figure 8—Example of an aging process at a mean temperature of 50°C and the corresponding acceler-
ation factors for two activation energies (80 and 120 kJ/mol).



rate at the reference temperature T (i.e., aT = 1 at 50°C). Due to the mathematical nature
of the Arrhenius relationship in equation (1), absolute deviations in the acceleration fac-
tor are more pronounced towards lower temperature; for example, a 10°C increase with
an Ea of 120 kJ/mol will equate to aT = 3.82, but a 10°C decrease equates to aT = 0.24
(i.e., 1/4.16); or, for an 80 kJ/mol process, a 20°C higher temperature equates to aT =5.67,
and a 20°C lower temperature to aT =0.14 (i.e. 1/7.14). This may suggest that lower tem-
perature deviations are more important in affecting the overall process. However, in prac-
tice a process running twice as fast for a certain amount of time cannot be compensated
by then simply slowing it down to half the speed for the same amount of time. For exam-
ple, if a car should be driving at an average speed of 50 km/h, and is then speeding for 1
h at 100 km/h, followed by 1 h at 25 km/h (i.e., a doubling and then half the speed), the
average speed over those 2 h is 62.5 km/h. The mathematical complexity is easily appar-
ent. One hour at three times the speed would require, at minimum, 2 h at a standstill to
result in the intended average speed. Hence, in a similar sense the average rate of an
aging reaction will depend on the integral of the relative acceleration factors and time
intervals. For the schematic process presented in Figure 8, the mean acceleration factor
for a 120 kJ/mol thermal degradation process is 1.35, and for the 80 kJ/mol process it is
1.15. For the 120 kJ/mol process, the aging would have been equal to being conducted at
a constant “effective” temperature of 52.2°C (versus an average temperature of 50°C).
This shows that the higher temperature excursions would be dominant and would accel-
erate the overall thermal degradation reactions. Compensating a spike in higher temper-
atures would require a much longer time at lower temperatures or much lower absolute
deviations.

(1)

If there is any recommendation to be made, temperature variations in outdoor weather-
ing, or, for that matter, in accelerated UV experiments or other variable aging conditions,
should be related to the underlying thermal degradation component and its activation
energy. The effective (not the average) aging temperature that would be representative of
a dynamic process should be determined. Such strategies may be useful in eliminating
some of the “thermal noise” that may exist in otherwise very useful data sets. A better
focus on the “real” thermal components in controlled dynamic aging environments
should also allow for mechanistic variation details to be more easily established.

CONCLUSIONS

Mechanistic variations in polymer aging can occur as a function of temperature and
have been observed for thermal aging in many materials.2 The underlying reactions that
govern the degradation of a material at ambient and other low stress-level environments
may not be represented to the same degree under accelerated conditions. Additional
chemical and physical reactions may be introduced under high stress-level conditions.
While accelerated aging may provide some guidance on the expected degradation phe-
nomena in materials, precise extrapolations and lifetime prediction will be complicated
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by these anomalies. More sensitive and relevant analytical techniques are required to
develop better aging models and reveal subtle mechanistic variations. Further, compre-
hensive aging studies covering temperature spans as large as possible should be conduct-
ed to deliver suitable data sets. 

In this chapter, we have briefly reviewed how sensitive oxygen uptake measurements,
monitoring the consumption of an antioxidant, or chemiluminescence-based wear-out
experiments could be applied to detect some variations in the thermal degradation behav-
ior of polymers. These techniques picked up transitions between the high and low tem-
perature aging conditions, consistent with a change in the activation energy of the accel-
eration shift factors. For dynamic aging experiments, it is suggested that temperature
variations may be better approached with a mean rate of reaction or corrected effective
temperature rather than a simplistic “average” aging temperature. Knowledge of the
exact thermal history and the relevant thermal reactions coupled with predictable reac-
tion rates based on activation energy and temperature range is required.
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INTRODUCTION

In 1992, Dick Tucker, then the Technical Director of Kirby Building Systems and
Chair of ASTM Subcommittee D01.53 on Coil Coated Metals, requested that his ASTM
subcommittee determine which accelerated weathering technique provided the most real-
istic correlation for color change, gloss loss, and general appearance with real-time Florida
UV-related weathering of modern coil coatings. (Corrosion prediction is not part of this
study.) Mr. Tucker asked a simple question, of course, but a demanding experiment was
needed to provide the answer to his question. It was decided that, to obtain the necessary
data, a 10-year study would be needed. During the next two years, coil coated samples
were secured, and—for the past 10 years—both real-time and accelerated tests have been
running. This chapter presents the final,10-year results of this ASTM study.

It is well known that accelerated weathering devices are not able to replicate in all
ways the natural weathering events that take place as a coating is exposed to heat, mois-
ture, and sunlight. This makes durability prediction very difficult and, in fact, may lead
to a number of false conclusions.1 As a coating is exposed under natural conditions, it
experiences the stresses of diurnal temperature cycling (daytime-nighttime temperature
differences), moisture permeation in and out of the film (resulting from humidity, dew,
and rain), as well as a host of photochemical effects as a direct result of exposure to solar
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In 1992, ASTM’s Task Group D01.53.03.03 Coil Coating Task Group on
Accelerated Weathering was formed to answer a simple question: which accel-
erated test method best correlates with real-time weathering for coil coatings?
A 10-year study was initiated, and coil coated panels were collected from
D01.53 coater members for all current coil coatings technologies destined for
exterior exposure applications. The real-time panels were weathered in south-
ern Florida and in Phoenix, AZ. Accelerated weathering was run, including
UV-condensation tests (with both “A” and “B” bulbs), Xenon Arc Weather-
ometer, Dew Cycle Weatherometer, and Fresnel-type weathering. The study has
been completed, and results are discussed.



radiation. Most modern accel-
erated weathering devices
attempt to duplicate the
effects of as many of these
interdependent factors as pos-
sible, but none succeed com-
pletely. Not the only problem,
but perhaps the most likely to
lead to erroneous conclusions,
is the fact that duplication of
the complex solar spectrum is
extremely difficult. As sun-
light enters the Earth’s atmos-

phere, ozone, water vapor, and particulate matter absorb and scatter the sunlight.
Essentially all energy <295 nm is absorbed in the atmosphere as a result of the atmos-

pheric and extraterrestrial events shown in Figure 1.2 (The UV portion of sunlight ranges
from 295 nm–400 nm; visible light from 400 nm–700 nm; and infrared radiation [IR]
above 700 nm.) Many light sources used in accelerated weatherometers emit radiation
below the natural solar cut-off of sunlight (295 nm). This can be seen in Figures 2-4.

UV B-313 and FS-40 bulbs are notorious with regard to the amount of radiation emit-
ted which has a shorter wavelength than the solar cut-off of 295 nm. UV A-340 certain-
ly “tracks” better with normal sunshine in the UV region, as shown in Figure 3.

It is clear that the UV A-340 closely approximates the UV region of the solar spec-
trum, but it does not match the visible and IR range of sunlight. For such an irradiance
match, one needs to consider Xenon arc bulbs, shown in Figure 4.

While the Xenon arc device more closely duplicates the solar spectrum, there are a
number of “spikes” in the energy emission at certain wavelengths. Even though these
occur in regions other than the UV region, they may still lead to unwanted, unexpected
weathering events.

When a coating is exposed
to light which does not dupli-
cate the solar spectrum, espe-
cially in the short wavelength
UV region of the spectrum
<295 nm, “unnatural” photo-
chemistry occurs and spurious
results are produced. This has
been researched and reported
upon extensively, especially
by researchers at Ford Motor
Company.3,4 The promise of
accelerated weathering, of
course, is increased degrada-
tion rates (some claim
between 2x and 35x times
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Figure 1—Solar power distribution of sunlight striking the
earths surface.

Figure 2—Power distribution of UV-B lamp.



faster than real-time weather-
ing using UV condensation
devices5) and, therefore,
reduced time needed before
making a “go” or “no go”
decision. This desire to know
as early in the game as possi-
ble how well a product will
perform falls into the realm
of “service life prediction.”
How long will my product
last in the field before it fails?
How will it fail? What are the
consequences of this failure?
Some researchers study the
chemistry of degradation and base their predictions on what is happening at the molecu-
lar level,6 while others use a relatively new approach, based upon reliability theory,7 to
predict the end of the lifetime of a material in the field. This ASTM study makes no
attempt to monitor chemical changes, nor to predict service life of specific materials. It
is simply an attempt to determine which accelerated weathering device exhibits the most
satisfactory correlation with Florida. Such a determination, however, is not a simple mat-
ter—nor is it a task for the faint of heart.

Recognizing these difficulties, ASTM’s Task Group D01.53.03.03 Coil Coating Task
Group on Accelerated Weathering hoped to at least be able to recommend which acceler-
ated technique would be most useful. There had been past studies involving coil coatings,
but they usually contained only a few samples, or involved an insignificant number of
parameters to measure. Many of these studies were curtailed after only a few years of
weathering. Modern coil coatings have demonstrated a substantial durability improvement
over those used years ago. Most of these coatings carry warranties that extend to over 30
years. Administering this study was clearly going to be a massive undertaking, and advice
was sought in an effort to design a study that could actually be completed, with a reason-
able degree of scientific
rigor and statistical robust-
ness. This was primarily
accomplished by discussing
the various logistical issues
with authors of past studies,
most notably Richard
Fischer and Warren Ketola
of 3M.

The basic design of the
study involved gathering an
abundance of samples,
which represented 23 dif-
ferent paint systems (i.e.,

59

Figure 3—Power distribution of UVA-340 lamp.

Figure 4—Power distribution of Xenon Arc lamp.



different resins and colors). Once the samples were collected, they were exposed in
Florida and Arizona to begin the real-time testing. Arrangements were made with many
companies to contribute accelerated testing services. To minimize measurement error, it
was decided that only one laboratory would be used to take all of the readings. Duplicate
sampling was used for all testing. 

The question of statistical evaluation technique was tackled early on in the study.
Many techniques were considered, but Spearman Rank Correlation was chosen. This is a
common technique used by many doing weathering studies. Spearman Rank generates a
Spearman rho value that designates the level of correlation achieved. This non-paramet-
ric method was developed for assessing the value of a rating system (e.g., individuals
judging the performance of a group of people), and standard tables exist that define the
minimum rho for various levels of confidence. In this study, however, we have a stan-
dard: results derived from 10-year exposure in South Florida, on open-backed racks, at
45° South. The experience of experimenters who have performed rigorous comparison
testing suggested that rho=0.9, or better, should be the minimum level of correlation. If
this value is not achieved, the likelihood of reversals (i.e., a sample looks great in an
accelerated protocol, but, in reality, performs poorly in Florida) is too high. Another way
of looking at the need for 0.9 rho is to argue that anything less means that exterior expo-
sure is necessary, so why bother with accelerated weathering at all?

Before discussing results regarding accelerated weathering, some discussion is need-
ed about real-time weathering of modern coil coatings and the need to carry out this
ASTM study for a full 10 years. Today’s coil coatings provide extremely high levels of
resistance to UV, heat, and moisture. For such coatings, the first several years of weath-
ering produce changes in the appearance, per unit of time, of the film in the form of
chalking, gloss loss, and color change. This degradation may appear to be essentially lin-
ear, and it is tempting to extrapolate this data to predict chalk and fade values out 10
years, 20 years, even 30 years. As the degradation of the coating progresses, however, the
change in appearance becomes less obvious, even though the changes in the chemistry of
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Figure 5—Example of ill-advised extrapolated data, after five years of exposure, compared to the same
data series extended to 10 years of exposure.



the film may—or may not—still be proceeding at a steady state. It stands to reason, for
example, that once the coating’s gloss drops to <10% gloss retention, additional gloss
loss is neither likely, nor likely to have a significant effect on appearance. These points
can be illustrated by reviewing actual exposure data (which is not part of this ASTM
study) collected over a 10-year period of time (Figure 5).

As can be seen in Figure 5, 10-years’ worth of data was collected and plotted (ΔE ver-
sus length of exposure time). Using a logarithmic “best fit,” this 10-year data has an R2

value of 0.92 and may be extrapolated to 20 years with some level of confidence. This
R2 value (0.92) clearly demonstrates that the curve truly fits the data. It can be plainly
seen, however, that—during the first five years—there appears to be a linear, steady state
in the change in ΔE with time. With time, however, the rate of change begins to level off.
Since this type of curve is clearly not linear, it is extremely dangerous to study highly
durable coatings for just five years, when they are expected to provide satisfactory serv-
ice in the field for 20+ years. Some coatings, of course, may continue to degrade linear-
ly for 10 or 15 years before the chalk and fade values begin to level off, which is why the
ASTM series of panels will be studied for 10 years. 

The specific variables in this weathering study include 23 paint systems (various col-
ors in polyester, silicone-modified polyester, PVDF, plastisol, and acrylic emulsion tech-
nology), tested in five
accelerated devices (UV/
condensation devices,
with A-340 and B-313
bulb, Xenon Arc and
Dew Cycle [carbon arc]
weatherometers, and
Fresnel weathering, with
nighttime wetting), and
two outdoor test sites—
inland South Florida and
Arizona, with a rack con-
figuration of 45° South,
open-back exposure.
(See Appendix I for
device parameters for
each weathering method-
ology.) For the Florida
and Arizona panels, and
before measurements
were taken, the right half
of each panel was gently
washed with a mild soap
solution to remove debris
from the surface of the
panel. The term
“washed” is used
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Table 1—Samples Tested in This Study

Letter Code Chemistry Color

A ...............................Plastisola Cream
B ................................Plastisol Green
C ................................Plastisol Charcoal
D ................................Plastisol Charcoal
E ................................Plastisol Brown
F .............................70% PVDFb White
G..............................70% PVDF Red
H..........................Acrylic emulsion Low gloss brown
I ..........................Acrylic emulsion Brown
J .........................Silicone polyester Tan
K.........................Silicone polyester Stone
L................................Polyester White
M ...............................Polyester White
N..............................70% PVDF Bronze
O ........................Silicone polyester Gray
P..............................70% PVDF Green
Q..............................70% PVDF Terra cotta
R.........................Silicone polyester Brown
S..............................70% PVDF Teal
T ..............................70% PVDF White
U ...............................Polyester White
V.........................Silicone polyester Light gray
W .............................70% PVDF White

(a) A coil coating plastisol coating is comprised of polyvinyl chloride
resin, blended with a liquid plasticizer (often di-isodecyl phthalate), pig-
ments, and metal stabilizers used to minimize degradation due to heat
and UV exposure.

(b) A coil coating PVDF coating is comprised of polyvinylidene di-flu-
oride resin (PVDF), blended with an acrylic resin, and is often pigmented
with premium, “ceramic” pigments.



throughout this paper to identify those measurements taken after gentle cleaning of the
panel, and “unwashed” means that absolutely no cleaning took place before taking read-
ings.

The 23 paint systems are shown in Table 1.
This study involved measuring five parameters for each sample. They are color

change (using a 0°/45° color difference meter, common to the coil coating industry),
gloss change (specular reflectance) and chalking. Color change and gloss change were
measured on an undisturbed panel and also after a portion of the panel was washed, using
a dilute solution of mild detergent, a soft sponge, and minimal pressure. This technique
of washing a panel is common and is used in an effort to remove loosely-bound, friable
material from the surface of the panel. Chalking is defined as the tendency of a coating
to degrade and release a certain amount of its surface as a result of running a chalking
test. For this study, we used the tape-chalk method. This is an extremely aggressive
method of testing a coating’s tendency to chalk, but experience suggests that it is the most
consistent method available.

While it is not the intent of this paper to go into detail about the logic of using
Spearman’s rho (as opposed to a Pearson correlation coefficient or Kendall’s tau), some
explanation is needed to describe the general process of calculating the value rho. Using
our five-year data as an example, the real-time Florida samples with their respective
unwashed ΔE values (for this example) are simply placed in order of their rank. The sam-
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Table 2—Ranking of Exposure Series at Five Years of Exposure 

ΔE
Sample ID (Real-Time Florida Weathering) Ranking

F .........................................0.7 1
K .........................................0.9 2
T .........................................1.4 3.5a

S .........................................1.4 3.5a

L..........................................1.6 5
U .........................................1.9 6
A .........................................2.4 7
M .........................................2.7 8
P .........................................2.8 9
Q .........................................3.4 11.5a

V .........................................3.4 11.5a

N .........................................3.4 11.5a

W.........................................3.4 11.5a

J..........................................4.0 14
H .........................................5.8 15
O .........................................6.3 16
G .........................................7.7 17
I ..........................................9.2 18
E .........................................9.7 19
R .........................................9.8 20
D ........................................10.1 21
C ........................................10.6 22
B ........................................13.1 23

(a)  Note that samples T and S were tied for third place, and that samples
Q, V, N, and W were tied for tenth place.



ple with the smallest ΔE is ranked #1, the sample with the second-smallest ΔE is ranked
second, etc. It does not matter how much difference there is between first and second
place. This is a ranking tool, not a rating tool. (Note: If two panels have an identical ΔE,
then a tie is declared. For example, in a Spearman Rank test, when a tie occurs between
the third and fourth best panels, each gets a value of 3.5, and the next ranked panel skips
“4” and becomes “5.” Note also that it is important that the accelerated testing be halted
when the general amount of color change reaches that same general level in Florida.) At
five years, the unwashed ΔE ranking of the set of panels exposed in Florida is shown in
Table 2.

As previously mentioned, while the Florida panels were collecting five years of
exposure to the sun, heat, and rain, the various accelerated tests were being run. Table 3
compares the ΔE ranking values taken from a UV-condensation weathering device,
using B-313 fluorescent bulbs, after 2,469 machine hours of exposure (1,235 light
hours) in this cabinet.

If we inspect the data, it can be seen that the best panel in Florida is sample F, but sam-
ple F is only the third best panel in UV B-313. The best panel tested in UV B-313 is sam-
ple H, but sample H is the ninth worst panel in Florida testing. Many other observations
may be made, but Spearman Rank correlation may now be used to quantify the compar-
isons among all 23 samples. To begin this process, simply combine both tables, as in
Table 4.
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Table 3—Ranking of Exposure Series after 1,235 Light Hours of
Exposure in a UV/Condensation Cabinet, Outfitted with B-313
Fluorescent Bulbs

ΔE
Sample ID (QUV B-313) Ranking

H .........................................0.6 1
W .........................................0.7 2
F..........................................0.9 3
S..........................................1.3 4
K..........................................1.4 5
L..........................................1.5 6
Q .........................................1.8 7
U .........................................2.0 8
T..........................................2.4 9.5
M .........................................2.4 9.5
P..........................................2.5 11
N .........................................2.6 12
A..........................................2.7 13
V..........................................2.8 14
G .........................................3.6 15
J..........................................7.2 16.5
I ..........................................7.2 16.5
D  .......................................7.9 18.5
C .........................................7.9 18.5
O .........................................8.7 20
E..........................................9.0 21
B.........................................10.3 22
R ........................................12.6 23



64

Table 4—Rank Comparison between Five-Year Florida
and 1,235 Light Hours B-313 Exposure

Ranking Ranking
Sample ID (Real-Time Florida) (QUV B-313)

F............................................1 3
K ...........................................2 5
T ..........................................3.5 9.5
S..........................................3.5 4
L............................................5 6
U ...........................................6 8
A ...........................................7 13
M ...........................................8 9.5
P ...........................................9 11
Q.........................................11.5 7
V.........................................11.5 14
N.........................................11.5 12
W ........................................11.5 2
J...........................................14 16.5
H ..........................................15 1
O ..........................................16 20
G ..........................................17 15
I ...........................................18 16.5
E ..........................................19 21
R ..........................................20 23
D ..........................................21 18.5
C ..........................................22 18.5
B ..........................................23 22

Table 5—Spearman Rank Calculation

Ranking Ranking Difference in Square of the
Sample ID (Real-Time Florida) (QUV B-313) Ranking Difference in Ranking

F...............................1 3 -2 4
K ..............................2 5 -3 9
T .............................3.5 9.5 -6 36
S.............................3.5 4 -0.5 0.25
L...............................5 6 -1 1
U ..............................6 8 -2 4
A ..............................7 13 -6 36
M ..............................8 9.5 -1.5 2.25
P ..............................9 11 -2 4
Q............................11.5 7 4.5 20.25
V............................11.5 14 -2.5 6.25
N............................11.5 12 -0.5 0.25
W ...........................11.5 2 9.5 90.25
J..............................14 16.5 -2.5 6.25
H .............................15 1 14 196
O .............................16 20 -4 16
G .............................17 15 2 4
I ..............................18 16.5 1.5 2.25
E .............................19 21 -2 4
R .............................20 23 -3 9
D .............................21 18.5 2.5 6.25
C .............................22 18.5 3.5 12.25
B .............................23 22 1 1

Sum of the squares 470.5



The Spearman Rank calculation treats the rank of a panel (which is an ordinal value)
as a cardinal number, and equation (1) describes the calculation of rho:

(1)

where N is the number of samples (23 for this study). Staying with the Florida-UV B-313
example, the numerical difference between the rankings of each sample is calculated,
then each ranking difference is squared, as shown in Table 5. Since there are 23 samples,
N(N2-1) = 23(232-1) = 12144. To calculate rho using the values already established, do
the following:

rho = 1- 6(470.5)/12144 = 1 - 0.23 = 0.77

Since we will be discussing rho values, it is worthwhile to first discuss some points
about this value. Two sets of data that correlate perfectly have a rho value of 1.00. A rho
value of less than 1.00 represents less-than-perfect correlation. In weathering studies
such as this, it is commonly accepted that a rho value of >0.9 is necessary before one can
declare an acceptable level of correlation between any two weathering techniques.8 One
must, however, be cautious about assuming too much about rho values. The Spearman
rho does not have “linearity.” In other words, a rho value of 0.8 is not twice as good as
a rho value of 0.4. In our study, for example, the rho value for ΔE in a UV B-313 cabi-
net is 0.77, whereas the rho value in a UV A-340 cabinet is 0.84. You cannot declare that
the UV A-340 cabinet is 10% better (or 10% more predictive) than the UV B-313 cabi-
net, only that it is better.

DISCUSSION OF RESULTS

In the building products market for coil coatings, extensive performance warranties
exist. While these warranties most always are associated with “washed” results, it is the
“unwashed” readings that are the most interesting. Unlike automobiles, a building is rarely
going to be washed. Because of this, loosely bound dirt, mildew, and other environmental
factors are quite important. Many of these factors (e.g., mildew growth) are not UV relat-
ed, as are the usual considerations when one typical considers outdoor durability.

Table 6 represents all of the available data from this ASTM study. In all cases, 10-year,
Florida real-time data were considered the standard, and all other data were compared to
it. In addition to comparing accelerated performance to 10-year real-time data, we also
compared earlier real-time exposure intervals to the 10-year real-time data.

Using a rho value of 0.90 as the minimum level of acceptable correlation, one can
quickly see that no accelerated device produces results that correlate sufficiently. While
this may seem disappointing, the ASTM committee compared early real-time test results
(three-, five-, and seven-years) versus 10-year data to determine the level of correlation.
What we found was that seven-year results had an acceptable level of correlation to 10-
year results. The earlier results (five- and three-year results) did not correlate as well as
might be expected.
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CONCLUSIONS

No accelerated technique was able to suitably correlate with real-time weathering. We
have found that current data predicts the data that one will see in two additional years of
exposure—at least with regard to color change and gloss change. For reasons not clear-
ly understood, this correlation is not seen when it comes to the chalking parameter.

References

(1) Pilcher, G.R., “Meeting the Challenge of Radical Change: Coatings R&D as We Enter the 21st
Century,” J. Coat. Technol., 72, No. 921, 135-143 (2001).

(2) Wypych, G., Handbook of Material Weathering, 2nd Ed., p. 45, 1995.
(3) Gerlock, J.L., “Nitroxide Decay Assay Measurements of Free Radical Photo-initiation Rates in

Polyester Urethane Coatings,” Polym. Degrad. Stab., 26, 241-254 (1989).
(4) Bauer, D.R., Paputa Peck, M., and Carter, R., “Evaluation of Accelerated Weathering Test for a

Polyester–Urethane Coating Using Photoacoustic Infrared Spectroscopy,” J. Coat. Technol., 59, No.
755, 123-129 (1987).

(5) Fedor, G. and Brennan, P., “Correlation between Natural Weathering and Fluorescent UV
Exposures,” Durability Testing of Non-Metallic Materials, ASTM STP 1294, Herling, R.J. (Ed.),
ASTM, pp. 91-105 (1996).

(6) Bauer, D.R., “Predicting In-Service Weatherability of Automative Coatings:  New Approach,” J.
Coat. Technol., 69, No. 864, 85-96 (1997).

(7) Martin, J.W., Saunders, S.C., Floyd, F.L., and Wineburg, J.P., “Predicting the Service Lives of
Coatings Systems,” Federation Series on Coating Technology, FSCT, Blue Bell, PA, June 1996.

(8) Fischer R.M. and Ketola, W.D., “Accelerated Weathering Test Design and Data Analysis,” Chapter
17, Handbook of Polymer Degradation and Stabilization, 2nd Ed., Revised and Expanded, Marcel
Dekker, Inc., New York, 2000.

APPENDIX I—DEVICE PARAMETERS FOR WEATHERING
METHODOLOGIES

FLORIDA WEATHERING: 45° S, open-rack configuration (no backing), exposed at Q-
Lab/Weathering Research Service, Homestead, FL (26° N latitude, sea level)

ARIZONA WEATHERING: 45° S, open-rack configuration (no backing), exposed at Q-
Lab/Weathering Research Service, Buckeye, AZ (33° N latitude, 1,055 feet elevation)

Table 6—Data Table of 10-Year Real-Time Results, Compared with Various Other Testing
Protocols

Spearman Correlation Coefficient (rho)
10-Year Florida 45° South Data versus . . .

7-yr 5-yr 3-yr 2-yr Dew
Parameter Condition FL Data FL Data FL Data FL Data Fresnel QUV-A QUV-B Cycle

Gloss Unwashed 0.87 0.78 0.65 0.53 0.67 0.63 0.72 0.49
Retention Washed 0.94 0.89 0.78 0.66 — — — —

ΔE Unwashed 0.94 0.79 0.78 0.61 0.70 0.69 0.53 0.40
Washed 0.89 0.85 0.74 0.69 — — — —

Chalk Unwashed 0.61 0.48 0.38 0.39 0.34 0.20 0.34 —



67

FRESNEL-TYPE WEATHERING: Service supplied by both Q-Lab/Weathering Research
in Buckeye, AZ, and Atlas/DSET Laboratories, Black Canyon Stage, AZ (34° N latitude,
2,000 feet elevation)

XENON ARC WEATHERING:
Modified SAE1960
Black panel temperature=70°C
Dry bulb temperature=47°C
Irradiance=0.85W/m2

Lamp Wattage 12,000W
Relative Humidity=50%
Filters: CIRA inner/sodium lime outer

UV/CONDENSATION, WITH A-340 BULBS: 0.77 W/m2; 8 h of UV light @ 60°C, fol-
lowed by 4 h of condensation (dark cycle) @ 50°C

UV/CONDENSATION, WITH B-313 BULBS: 0.63 W/m2; 4 h of UV light @ 60°C, follow-
ing by 4 h of condensation (dark cycle) @ 50°C

DEW CYCLE (UNFILTERED CARBON ARC):
One hour of light @ 63°C, followed by one hour of condensation (dark cycle) @ 28°C
Wet bulb (light cycle)=35°C
Wet bulb (dark cycle)=29°C
Dry bulb (light cycle)=46°C
Dry bulb (dark cycle)=29°C
Water pressure=15–18 psi

APPENDIX II—ASTM STANDARDS ASSOCIATED 
WITH WEATHERING AND WEATHERING DEVICES

D 523 Standard Test Methods for Specular Gloss
D 822 Standard Practice for Conducting Tests on Paint and Related Coatings and

Materials Using Filtered Open-Flame Carbon-Arc Apparatus 
D 1014 Standard Practice for Conducting Exterior Exposure Tests of Paints on Steel
D 2244 Standard Test Method for Calculation of Color Differences from Instrumentally

Measured Color Coordinates 
D 3361 Standard Practice for Operating Light- and Water-Exposure Apparatus

(Unfiltered Open-Flame Carbon-Arc Type) for Testing Paint, Varnish, Lacquer, and
Related Products Using the Dew Cycle

D 4141 Standard Practice for Conducting Accelerated Outdoor Exposure Tests of
Coatings

D 4214 Standard Test Methods for Evaluating Degree of Chalking of Exterior Paint
Films

D 4587 Standard Practice for Conducting Tests on Paint and Related Coatings and
Materials Using a Fluorescent UV-Condensation Light- and Water-Exposure
Apparatus
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D 5031 Standard Practice for Conducting Tests on Paints and Related Coatings and
Materials Using Enclosed Carbon-Arc Light and Water Exposure Apparatus

G 7 Standard Practice for Atmospheric Environmental Exposure Testing of Nonmetallic
Materials

G 151 Standard Practice for Exposing Nonmetallic Materials in Accelerated Test Devices
that Use Laboratory Light Sources 

G 152 Standard Practice for Operating Open Flame Carbon Arc Light Apparatus for
Exposure of Nonmetallic Materials

G 153 Standard Practice for Operating Enclosed Carbon Arc Light Apparatus for
Exposure of Nonmetallic Materials

G 154 Standard Practice for Operating Fluorescent Light Apparatus for UV Exposure of
Nonmetallic Materials

G 155 Standard Practice for Operating Xenon Arc Light Apparatus for Exposure of
Nonmetallic Materials



Advances in Field and Laboratory
Exposure
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INTRODUCTION

Exposure to solar radiation is a key component of weathering that causes degradation
of polymer-based materials. The degradation process is dependent both on that portion of
the solar spectrum that produces the chemical or physical reaction that leads to deterio-
ration of the material and on the intensity1 of the radiation that the material encounters.
In accelerated weathering tests, this dependence on intensity may be investigated by
exposing materials to various levels of irradiance and recording the corresponding time-
to-failure values. Based on these results, attempts may be made to predict time-to-failure
in the field by extrapolating to irradiance levels that a material will experience over the
course of its lifetime. In order to develop an extrapolation that is reliable, it is important
to have a model that adequately accounts for the rate of photodegradation as a function
of irradiance.

It is intuitive that increasing the stress imparted by light shining on a degradable sub-
stance would shorten the time to effect a specified change in the substance (such as fail-
ure) by an equivalent factor. This principle was expressed for the photographic process
via the law of reciprocity, wherein it was found that a constant degree of blackening of a
photographic plate would be achieved whenever the product of the intensity of light (I)
and the time of exposure (t) was constant.2 If one determined the average rate of the pho-
tochemical reaction over the time of exposure, the rate obtained would be directly pro-
portional to the light intensity [curve (a) in Figure 1]. Several polymer systems have, in
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A physical model is proposed that describes the rate of photodegradation of a
dyed polymer film as a function of the irradiance employed during exposure to
radiation. Development of the model is based on photochemical behavior
reported in dyes of similar chemical classes. The model accounts for the lack
of reciprocity observed in the material at high levels of irradiance, where the
degradation rate exhibits saturation behavior instead of a linear dependence
on irradiance. The model is found to correctly predict the initial photodegrada-
tion rate for exposure at low irradiance, where linear dependence is evident.
Additional phenomena that result from the radiant exposure are reported and
discussed in relation to the proposed model.



fact, been reported to deteriorate in
accordance with the law of reciproci-
ty.3-5 Nevertheless, numerous other
materials have exhibited degradation
behaviors that deviate significantly
from a linear response to intensity.4-6

An alternative model that has been
discussed in consideration of a nonlin-
ear response to light is that embodied
in Schwarzschild’s law, which is
expressed as I • t p = constant.
Schwarzschild discovered this rela-
tionship for his photographic emul-
sions,7 for which the value of p was
observed to be 0.86. Subsequent stud-
ies confirmed, for the most part, that p
was less than 1, although it has been
found to vary as a function of emul-
sion type, wavelength, and intensity.8

These observations are indicative of
the phenomenon that the photochemical reaction in photographic emulsions is slower at
low light intensities than what would be expected from a linear relationship9 [curve (b)
in Figure 1].

In contrast, deviations from linearity for polymeric materials have generally exhibit-
ed behavior in which photodegradation rates are faster than what would be expected from
reciprocity determined at high irradiance. This tendency is more closely represented by
curve (c) in Figure 1, which is based on the expression I q• t = constant. Here, the expo-
nent q is also less than one, but it is applied to the intensity factor instead of the time fac-
tor. This model has been used in several studies to analyze material degradation, for
which the value of q has been reported to be material dependent.4-6,10,11 One explanation
for this intensity dependence has its basis in solid state band theory, wherein photoin-
duced electronic transitions that give rise to free electrons can lead to chemical degrada-
tion.5,12 Such a theory accounts for q values that range from 1 down to 0.5. In the chem-
ical breakdown of organic material systems containing TiO2, an I0.5 dependence has been
reported when the exciting ultraviolet (UV) radiation is above a certain threshold inten-
sity.13 Below this level, the dependence on intensity is linear, which is what has been
observed in the oxidation of a dye in the presence of a titania photocatalyst.14

The universal application of the band theory model to photodegradation of polymer
materials by solar radiation is not certain, however. In films comprising organic dyes at
modest concentrations, for example, the molecular interactions required for the formation
of bands in the electronic structure of the system are unlikely to exist. Since attainment
of durable color in transparent, dyed polymer films is important in a number of different
applications, a model that appropriately explains and reliably predicts the effect of irra-
diance on the degradation of color in systems of this type is sought. The study of trans-
parent films facilitates a quantitative examination by enabling the use of UV-visible
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Figure 1—A comparison of models that have been
used to describe rates of photoinduced changes in
materials as a function of intensity and time: (a) law
of reciprocity; (b) Schwarzschild’s law (p = 0.86); (c)
power curve (q = 0.65 in this example). The three
models have been normalized for purposes of com-
parison by setting the constant in each expression
equal to 1.



absorption spectroscopy to directly measure the dye concentration as the photo-
degradation progresses. Furthermore, evaluating the rate of this process, as opposed to
obtaining single-point time-to-failure values, makes it possible to use greater amounts of
data in constructing the model and provides the opportunity to assess any unusual behav-
iors that may be encountered.

EXPERIMENT

The material system selected for this study comprised a fluorescent yellow-green dye,
known as solvent yellow 98 (SY98, see Figure 2), dispersed in a transparent, plasticized
polyvinylchloride (PVC) film. The film was “double-polished” when it was calendered,
such that both surfaces provided near-specular reflection losses that could easily be
accounted for when analyzing the absorption spectra. The dye has a strong absorption
band between 400 and 500 nm, which is primarily responsible for its tendency to fade
under exposure to light—either from solar radiation or xenon arc sources. SY98 also has
absorption bands in the near-UV spectral region, but they are very weak relative to the
absorption band in the visible region. This, combined with the presence of a UV-absorber
in the film, significantly reduces photodegradation from other than visible wavelengths
and allows us to ignore UV radiation in the data analysis.

The film was cut into approximately 1.25-in. square specimens, each of which was
held between two aluminum plates that provided a 1-in. square window on either side of
the film. The specimens were tested in an Atlas Ci5000 Xenon Arc Weather-Ometer® that
employed a quartz inner filter and a 3M proprietary outer filter15 to approximate daylight.
The weathering cycle consisted of an 8-h segment with light only, followed by a 4-h dark
segment, a portion of which included water spray. The surface temperature of the film
specimens during the light segment was maintained near 71°C, as determined by direct
measurement with a thermocouple. 

Four different levels of irradiance were employed in the experiment: 0.3, 0.5, 0.75,
and 1.0 W/m2/nm measured at 340 nm. At each level, three replicate film specimens were
exposed in the first round of tests, and one or two replicate specimens were similarly
exposed in a second round of tests. In both rounds, additional film specimens were placed
in holders that blocked the light by means of an aluminum plate. These holders were
designed so that specimens were still able to experience the effects of heat and moisture,
in order to test for any degradation that might occur in the absence of radiation.

The UV-visible absorption spectrum
of each film specimen (400–800 nm for
round one, 300–800 nm for round two)
was measured prior to exposure and at
regular time intervals thereafter. Spectra
were recorded using a Shimadzu UV
2401PC spectrophotometer equipped
with a holder assembly that ensured
repeatable positioning of a specimen
each time it was measured. Film speci-
mens that were kept in the dark at room
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Figure 2—Molecular structure of solvent yellow 98.



temperature were also measured at each interval. Their spectra revealed that the repeata-
bility of the absorption measurement was very near to the photometric repeatability spec-
ified for the spectrophotometer  (± 0.001 absorbance units). 

For each spectrum recorded as the photodegradation experiment progressed, the peak
absorbance at 455 nm was determined. This value was corrected for losses in the spec-
trophotometer due to reflection at both film surfaces by subtracting the absorbance read-
ing obtained at 800 nm, where no dye absorption was detected. The observed losses were
in agreement with reflectivity values predicted from the refractive index of PVC. The
peak absorbance was also corrected by subtracting the residual absorbance that persisted
at 455 nm after the film had been completely bleached. This method of correcting for
residual absorbance gave the same result as scaling the initial absorption band to fit each
subsequent one and determining the fraction lost as a function of time.

RESULTS AND DISCUSSION

Films Blocked from Radiation

None of the film specimens that were prevented from receiving radiation from the
xenon arc source showed signs of significant fading due solely to heat and moisture.
However, each specimen did exhibit an increase in peak absorbance that was noticeable
within the first 24 h of weathering exposure. The increase was on the order of 1 to 2%
(Figure 3) and persisted more or less throughout the course of the experiment, with some
specimens exhibiting a very slight decay from the initial rise in absorbance and others a
very slight increase as time went on. The phenomenon of “negative fading” has been
observed in systems in which dye molecules are initially aggregated, but then break up

due to heat from illumination or some
other source to give dispersed dyes that
yield higher absorbance.16,17 It has been
suggested that this effect is reversible,17

however, and no such occurrence was
observed in the specimens studied here.
A film specimen that remained at room
temperature in the dark for two months
after the weathering exposure retained
the same increase in peak absorbance
that it had exhibited immediately after
the exposure had ended.

A more likely cause of the increase in
absorbance was traced to shrinkage of
the films. To investigate this, three film
specimens that were approximately 68
mm × 50 mm × 0.010 in. were prepared.
For each specimen, the length and width
were measured to the nearest 0.3 mm
using a ruler, the thickness was meas-
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Figure 3—An example of peak absorbance measured
from a film specimen prior to testing and after 48 h
of weathering. This specimen was in a holder that
blocked xenon arc radiation, so it only experienced
the effects of heat and moisture. The increase in
absorbance is ascribed to film shrinkage.



ured to the nearest 0.0001 in. using a
digital thickness gauge, and the
absorbance spectrum was recorded.
The specimens were then heated in an
oven at 70°C for 65 h, after which
each of the measurements on the films
was repeated. Shrinkage of the films
yielded an average 2% increase in
thickness and 1% decrease in volume,
the latter translating to a 1% increase
in dye concentration. The increases in
thickness (pathlength) and concentra-
tion predict a 3% increase in
absorbance by the dyed film. The
average increase measured in the peak
absorbance of the specimens was
2.4%, in good agreement with the pre-
diction, when considering the experi-
mental error of the measurements. The
occurrence of shrinkage also accounts
for the observed irreversibility of the absorbance increase. As a result of this effect, the
initial peak absorbance values for film specimens undergoing the photodegradation tests
were corrected for shrinkage during analysis of the results.

Films Exposed to Radiation

The decay in the absorption spectrum of a film specimen that resulted from one of the
accelerated weathering trials is displayed in Figure 4. In the analysis, time was recorded
as the number of hours of
exposure to the xenon arc
source, owing to the obser-
vation that bleaching of the
dye required the presence of
radiation. The disappear-
ance of the absorption band
is attributed to photodegra-
dation of the dye molecules
into colorless products. 

The rate of photodegra-
dation was found to be
highly dependent on the
irradiance level of the light
source, as seen in Figure 5
in which peak absorbance is
plotted as a function of time
of exposure. Intensity
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Figure 5—Corrected peak absorbance at 455 nm measured from
four different film specimens as a function of time of exposure to
the xenon arc source. Irradiance levels shown are at 340 nm. Solid
lines were obtained by fitting the data using the solution to equa-
tion (2).

Figure 4—Absorption spectra measured from a film
specimen as a function of time of exposure to the
xenon arc source. The irradiance level to which this
particular specimen was exposed was 1.0 W/m2/nm (at
340 nm).  



dependence is included in the rate equation proposed by Kaminow et al.18 for a photo-
bleaching reaction that is first-order in dye concentration:

(1)

where D(z,t) is the dye concentration at film depth z and time t, σ is the absorption cross
section of the dye, φ is the quantum efficiency for photodegradation, and n(z,t) is the pho-
ton intensity. Other expressions that have been reported19 can be shown to be mathemat-
ically equivalent. Here, we assume the spectral distribution of n to be the same for each
level of irradiance employed in the trials and find that its wavelength dependence, as well
as those of σ and φ, are adequately treated by invoking a monochromatic approxima-
tion.20 This also means that hv in the relationship n = I/hv is constant, so we obtain

(2)

where σ* = σ/hv. The spatial dependence of D in equation (2) accounts for the limited
mobility of the dye in the polymer host, which results in a non-uniform distribution of
dye molecules in the film as photodegradation progresses. This is portrayed in Figure 6,
which was generated from a solution to equation (2) that was fitted to the data obtained
for one of the film specimens exposed in the study. At the commencement of the expo-
sure, the dye concentration is uniform throughout the film depth and the light intensity
falls off exponentially, in accordance with Lambert’s law. As photodegradation proceeds,
the dye concentration declines most rapidly at the radiation incident surface of the film,
where the intensity is greatest, but more slowly at increasing depths into the film, where
the radiation is attenuated. This gives rise to a concentration profile that increases with

increasing film depth,
which in turn causes the
light intensity to depart
from its exponential pro-
file.

In order to develop a
rate model based on the
observed data, a closed-
form solution to equa-
tion (2) was initially
employed.18 It yields a
time constant for the
decay of peak
absorbance that can be
expressed as β = σ* φ I0,
where I0 is the incident
intensity. Larger time
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Figure 6—Modeled representation of the distribution of (a) light
intensity and (b) dye concentration in the polymer film as a function
of time of exposure to the irradiating source. The backside of each
graph represents the film surface where radiation enters the speci-
men; the near side is the exiting surface. Axis scales are in arbi-
trary units.



constants correspond to faster decay
rates. The peak absorbance data for
each film specimen were fit using
this solution. Examples are shown
by the solid curves in Figure 5 that
correspond to representative speci-
mens at each of the four irradiance
levels. The quality of the fits pro-
vides evidence that the photodegra-
dation is indeed first-order in the dye
concentration, as indicated by the
model. The β values obtained from
the fits for all film specimens are
plotted in Figure 7. Although the lin-
ear dependence of β on light intensi-
ty in this model demands reciprocity,
it is clearly seen from the figure that
this is not the case. Hence, it was necessary to identify another model for the photodegra-
dation rate that retains the attribute of first-order kinetics and at the same time accounts
for the nonlinear dependence on irradiance.

Modeling Irradiance Dependence of Photodegradation 

An explanation for the kinetics and mechanisms involved in the photodegradation of
a dye should include a description of the various electronic states that are potentially
accessible to the dye molecule once it has been excited by an absorbed photon.21 In the
absence of this information for the SY98 dye examined in this study, we turned to data
that have been reported for the class of dyes that have the xanthene structure, which is
similar to the thioxanthene component found in the chemical structure of SY98. The
photophysics of xanthene dyes can be depicted by means of a Jablonski diagram (Figure
8), which includes the rate of excitation (kabs) from the electronic ground state (S0) to the
first excited singlet state (S1) via absorption of light, the rate of relaxation from there
back to the ground state (kS)
via both radiative and non-
radiative processes, the rate of
intersystem crossing (kISC) to
the lowest triplet state (T1), and
the rate of relaxation from the
triplet state to the ground state
(kT), also via radiative and
non-radiative processes. For
steady-state conditions of con-
tinuous, constant irradiation,
the molecular concentration
in the triplet state can be
shown to be22,23

77

Figure 7—Time constant (β ) values for photodegrada-
tion of dyed films obtained by using equation (2) to fit
the decay in peak absorbance observed for each speci-
men. The dashed line indicates values that would be
expected based on reciprocity, as determined at the
highest irradiance tested.

Figure 8—Jablonski diagram typical of those referenced when
describing the photodegradation of dyes. In this particular
scheme, the degradation pathway of the dye is shown to origi-
nate from the triplet state (T1).



(3)

where D is the total dye concentration and kabs = σ*I. The existence of I in both the
numerator and denominator of equation (3) leads to a saturation effect in the triplet state
at higher intensities. This has been observed experimentally for rhodamine 6G,22,24 a dye
having the xanthene structure. Furthermore, the photodegradation pathways for several
xanthene-based dyes are reported to originate from the triplet state, including pathways
that are first-order in the triplet concentration.25,26 Thus, if depletion of the triplet state by
a chemical reaction that renders the dye colorless is slow compared to relaxation from
that state,27 the overall rate of dye degradation can be expressed generally as

(4)

where a, b, and c are all constants. 
Since a closed-form solution to equation (4) was not available, the peak absorbance

data for each of the film specimens were fit numerically by means of an iterative
process.20 An analog to the time constant β can be defined as

(5)

which is a pseudo-first-order rate constant that describes the rate of dye degradation near
the radiation incident surface of the film. The values of keff that resulted from each of the
fits are plotted in Figure 9 as a function of the incident irradiance. Their dependence on
the irradiance is very similar to that seen previously for β. The difference, however, is

that now we have an expression
that describes the dependence on
irradiance. By fitting all of the
results simultaneously, a single set
of parameters was obtained: a =
0.02, b = 0.44, and c = 1.14. This
was used in equation (5) to calcu-
late the solid curve in Figure 9,
which shows how the photodegra-
dation rate varies with irradiance.

Assessing the Model

In considering the utility of the
model that has been derived, it is
important to examine its pre-
dictability, assess whether it is
realistic, and characterize its
attributes. The low irradiance
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Figure 9—Pseudo-rate constants (keff ) of photodegrada-
tion, obtained by using equation (4) to fit the decay in cor-
rected peak absorbance for each of the film specimens
weathered in the study. Selected fits are shown in the inset.
Uncertainty in the averages calculated for the keff values is
less than 6%. The solid line is the plot of equation (5) using
the single set of fitting parameters that was obtained by
simultaneously fitting all of the results.



region is often of particular
interest when making use of
accelerated weathering results
to estimate material lifetimes
under actual service conditions.
To see how well the model
would predict the photodegra-
dation rate in this region, addi-
tional film specimens were
weathered at an irradiance
level of 0.08 W/m2/nm at 340
nm. This level was attained by
inserting two neutral density
filters between the specimens
and the xenon arc source that
originally produced 0.3
W/m2/nm at the specimen
plane. The surface temperature
measured from a film was about 5°C warmer than specimens weathered without the
attenuators, probably because of heating due to absorption of radiation by the filters near-
by. The decay of the peak absorbance measured from one of the specimens over time,
along with the fit to the data, is displayed in Figure 10. The figure also plots the keff val-
ues determined from the fit for the specimens tested. The values exhibit excellent agree-
ment with the model’s prediction. 

The validity of the model depends, in part, on whether the tendency toward saturation
in the triplet state is attainable at the irradiance levels employed in the weathering exper-
iments. A calculation of σ*I, based on the absorption coefficient of the dye and the mono-
chromatic approximation used herein, yields a value on the order of 1 s–1. Saturation
effects would begin to be observed if the two terms in the denominator of equation (3)
were roughly on the same
order of magnitude. This situa-
tion could exist if the values of
σ*I and kT were comparable
and if kS was on the same order
of magnitude or less than kISC.
Although these rate data are
not available for SY98, those
published for other aromatic
hydrocarbons indicate that for
several molecules, kT can have
a value around 1 s–1 and that kS
and kISC are often comparable
(~106 – 108 s–1).22,28 

A significant aspect of the
model lies in the fact that it can
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Figure 10—Plot of pseudo-rate constants (keff) of photodegra-
dation from Figure 9, showing agreement between the values
predicted by the model and those obtained for film specimens
weathered at low irradiance (0.08 W/m2/nm). A plot of the
decay in corrected peak absorbance of one of the film speci-
mens and the associated fit is shown in the inset.

Figure 11—Decay in corrected peak absorbance data obtained
for film specimens exposed at three different levels of irradi-
ance. An acceleration in the decay rate becomes apparent at
lower irradiance.



account for both reciprocity conformance and reciprocity failure, depending on the level
of irradiance employed. It can be seen from equation (3) that at low irradiance, the
denominator will be approximately constant, so the rate will be linear in intensity in this
operating region. In this case, an analysis that makes use of equation (2) would be appro-
priate and the associated β value should exhibit reciprocity behavior. This situation
would also exist—even at the higher irradiances attainable in a weathering device—if the
intersystem crossing rate in the molecular system was relatively small or the relaxation
rate from the triplet state was particularly large. This attribute of the model is key, since
provision for a linear intensity response should exist when explaining photochemical
reactions.

At the same time, the model predicts reciprocity failure at higher levels of irradiance.
This was not only observed for the dyed polymer film in this study, but has also been seen
in the weathering of other polymers.4,6 The saturation behavior in the irradiance depend-
ence that translates to reciprocity failure means that acceleration factors cannot be direct-
ly calculated in these cases: tripling the irradiance will not yield a tripling of the rate of
photodegradation, for example. This also places a limitation on the degree to which one
can expect to increase the output of the irradiating source in a weathering experiment and
still obtain a significant increase in acceleration of the rate of photodegradation.

It is interesting to take note of some phenomena observed in the data that are yet to be
explained. Close examination of the rates of decay of the peak absorbance (Figure 11)
reveals that for specimens exposed to lower levels of irradiance, the rate accelerated over
time during the initial period of the exposure. This effect is also readily observed in the
photobleaching of the xanthene dye fluorescein, dispersed in polyvinylalcohol.29 A sim-
ilar observation in other dyes has been attributed to the breakdown of aggregated dye par-
ticles as photodegradation progresses.16 It has been suggested that in such systems, the
time required to photobleach a given fraction of dye should increase when the initial con-
centration of the dye in the substrate is increased.30 Alternatively, this means the initial
rate of photodegradation should increase as the initial dye concentration drops. To test
this, we produced film specimens at lower initial concentration via a dye migration

process by sandwiching dyed
film between two PVC films
that contained no dye and
heating them to yield three
films, each with one-third the
original dye concentration.
The middle film was cut into
specimens and weathered at
each of the four irradiance
levels employed in the second
round of tests described here-
in. The decay in peak
absorbance for each specimen
was fit as before, using equa-
tion (4). The resulting values
of keff were found to be about
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Figure 12—Pseudo-rate constants (keff ) of photodegradation
for the dyed films, showing a comparison of the model derived
in this study (solid line) and a fit to the results based on rate
I q (dashed line). The value of q for the latter fit was 0.61.
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20% lower than the corresponding values obtained at higher concentration, contrary to
the anticipated result. At the same time, the acceleration seen previously in the pho-
todegradation rate of films exposed to the lower irradiances was not apparent in these
data. Given these results, it is not possible to ascertain whether or not aggregation of dyes
occurs in these films. A satisfactory explanation for the acceleration in the rate of pho-
todegradation at lower irradiance is yet to be established.

CONCLUSION

This weathering study of a dyed polymer film has yielded a model that is able to
rationalize the effect of the level of irradiance on the rate of photodegradation. Based on
photochemical principles derived for organic molecules, the model accounts for both the
first-order kinetics observed in dye depletion during the exposure and the saturation
behavior observed in the photodegradation rate as the irradiance of the xenon arc source
is increased. The requirement for linearity at low irradiance and the ability to potentially
predict rates of photodegradation at other levels of irradiance are also provided by the
model.

The applicability of any model depends on whether it can survive further scrutiny.
One of the first investigations of interest would be to determine if this model offers an
advantage over previous ones in predicting service life. A first step in this effort is dis-
played in Figure 12, where the current model is compared to the model in which pho-
todegradation rate is proportional to Iq. Fitting the pseudo-first-order rate constants from
this study by use of the latter model yielded a value for q of 0.61. Although the two mod-
els generate similar curves, the results obtained for the model derived in this study appear
to provide a better fit to the data. The major difference in this example lies in the low irra-
diance region, where the rates of photodegradation can differ by a factor of two or more.
How this difference affects service life prediction depends largely on the service environ-
ment to which the material system of interest is exposed.

The application of photochemical studies to polymeric systems that have been inves-
tigated for durability when exposed to light would also be beneficial. This would offer
the opportunity to verify assumptions made regarding the photochemical properties of
the dye system examined in this study. With verification in hand, one could expand such
studies to other polymeric systems in order to determine the extent to which the model
derived herein could be used to interpret photodegradation in other materials.
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INTRODUCTION

The materials industry has a strong need to accelerate the effects of weather for faster
evaluation of material durability. Methods of accelerating the effects of weather include
intensifying weathering variables such as ultraviolet (UV) irradiance, temperature, and
moisture. For many years, the materials industry has used accelerated weathering test
methods with UV irradiance increased moderately over natural levels. Recently, NIST
(National Institute for Standards and Technology) and NREL (National Renewable
Energy Laboratory) have proposed the use of ultra-high UV irradiance exposures to
accelerate the degradation of materials caused by weathering.1,2 This approach to accel-
erated weathering generally assumes that a reciprocal relationship exists between UV
irradiance and duration of exposure. For example, if reciprocity is obeyed, a doubling of
the UV irradiance would reduce by half the exposure time needed to achieve the same
level of degradation. The study in this chapter was undertaken to develop standard accel-
erated weathering methods to investigate the validity of reciprocity, as well as to charac-
terize the relationship between UV irradiance and exposure times for such tests.

The so-called “reciprocity law,” first expounded by Bunsen and Roscoe in 1859,
describes a reciprocal relationship between light irradiance and exposure duration.3 The
reciprocity law states that, for a given level of damage, the result of a photochemical
reaction depends simply on the total energy received by a sample; that is, the product of
irradiance and time, and is independent of the two factors separately. Widely studied for
photographic processes, the reciprocity law concepts may also be applied to material
weathering studies.4 Material scientists apply the reciprocity concept by using equal radi-
ant exposures to relate tests conducted at various irradiance levels; for example, a high-
ly accelerated laboratory test and a natural, real-time, outdoor Florida exposure. The pre-

Chapter 6

A New Approach to Characterizing Weathering
Reciprocity in Xenon Arc Weathering Devices
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This chapter presents the method and results of a study investigating the effect
of varying light irradiance on material weathering degradation rates. An eval-
uation of the reciprocity law for polystyrene standard reference material and
commercially available polycarbonate sheet is presented. The method utilizes
the commercially available Atlas Ci5000 Weather-Ometer® xenon arc acceler-
ated weathering device. 



vailing desire to relate highly acceler-
ated weathering exposures back to
real-time, natural, or end-use expo-
sures warrants an empirical investiga-
tion of the reciprocity law for weath-
ering studies. 

There are a number of important
considerations that must be taken into
account for such an investigation.
First, a laboratory xenon arc accelerat-
ed weathering device was selected for
this investigation for several reasons.
The use of “daylight-filtered” xenon
arc light source was chosen to provide
the best comparisons to results
obtained using a sunlight source in
previous studies.5,6 Second, it was

desired to use an artificial steady-state light source in order to compare results to natural
intermittent exposure patterns obtained in the previous outdoor studies cited, and to inves-
tigate the possibility of intermittency effects. Intermittency effects are said to occur when
a continuous exposure produces a different level of degradation from that produced by an
exposure given in a number of discrete increments, despite each being subjected to equal
total radiant dosages.7 Natural end-use weathering exposures are inherently intermittent,
for irradiance levels, temperature, and other degradation variables as well. Third, it was
desired to determine if existing xenon arc accelerated weathering devices could be used in
lieu of the highly specialized, custom-made, complex devices for addressing simple
weathering research hypotheses. For these considerations, the Atlas Ci5000 Weather-
Ometer® accelerated weathering test apparatus was selected for this investigation.

The reciprocity
law itself, diagram-
matically shown in
Figure 1, represents
the research question
or hypothesis for this
study. If accelerated
weathering expo-
sures obey reciproci-
ty, then similar lev-
els of degradation
should be observed
for the same radiant
exposures under dif-
ferent irradiances
levels. If accelerated
weathering expo-
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Figure 1—Diagrammatic representation of the
Reciprocity Law.

Figure 2—Spectral integrity at different irradiance levels. Lines at top of
the graph represent a mathematical division of the spectral output at 1.2
and 0.8 by that at 0.4 W/m2.



sures do not obey strict reciprocity, then it was desired that the method provide an empir-
ically derived estimate of the function relating irradiance and exposure duration. It was
also desired that the method would experimentally block other variables that could poten-
tially influence material degradation, including specimen temperature, variations in xenon
spectral power distribution, as well as any other typical temporal exposure variables.

This chapter presents the method and results of a study to investigate the effect of
changing irradiance on artificial weathering degradation rates. Two instrument enhance-
ments were utilized to verify that the weathering variables discussed above were success-
fully blocked. One enhancement—the Full Spectrum Monitoring (FSM)™—measures
the spectral power distribution of the instrument light source in real-time and the other—
the Specific Specimen Surface Temperature (S3T)™—measures in situ specimen tem-
peratures in real-time. Details of these enhancements may be found in references 8 and
9, respectively.

TEST INSTRUMENTS

The Ci5000 Weather-Ometer  utilizes a water-cooled, precision long xenon arc lamp.
A desired spectral power distribution (SPD) is produced by the optical filtering of the
lamp’s output to closely match solar radiation, for example. Standard quartz inner and
borosilicate outer filters were used in these exposures. ASTM G-15510 and SAE J188511

more thoroughly describe the design and operation of the water-cooled device as shown
in Figure 2. The test program followed the SAE J1885, with two significant exceptions.
The Ci5000, programmed for separate trials, was operated at three different irradiance
levels (0.4, 0.8, and 1.2 W/(m2·nm) at 340 nm) instead of the 0.55 W/(m2·nm) prescribed,
and the exposure was set for a continuous light cycle at a fixed black panel exposure tem-
perature (the standard dark cycle was excluded). The chosen operational parameter com-
binations are readily controlled within the range of capabilities of the Ci5000 device. 

BLOCKING TEMPERATURE VARIABLES AND SPECTRAL
INTEGRITY AT DIFFERENT IRRADIANCE LEVELS

In exposures under different irradiance levels of simulated (or natural) sunlight, mate-
rial surface temperatures typically vary with irradiance level (Table 1). However, con-
founding of temperature and irradiance variables is undesirable for reciprocity studies
involving irradiance, and represents an important experimental design consideration.
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Table 1—Calculation of Specimen Exposure Duration in Hours—Conversions Based on
Irradiance and Radiant Dosage

Radiant Dosage
Exposure Irradiance Measurement
Trial W/(m2·nm) Interval Exposure Duration for Required Radiation
Designation 340 nm kJ/m2 340 nm Exposure (Hours)

1 and 4 .............0.4 Every 37.6 26.1 52.2 78.3 104.4 130.6 156.7 182.8
2 and 5 .............0.8 Every 37.6 13.1 26.1 39.2 52.2 65.3 78.3 91.4
3........................1.2 Every 37.6 8.7 17.4 26.1 34.8 43.5 52.2 60.9
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Independent control of irradiance and material temperature was achieved using the ASTM
black panel thermometer control system of the Ci5000 device, wherein a temperature sen-
sor is attached directly to a black panel exposed in the chamber adjacent to test specimens.
When heated by incident light, the panel sends a signal proportional to the black panel’s
surface temperature to the chamber’s (temperature) control system. Cooling airflow is
adjusted by the control system to maintain the black panel temperature sensor at a user-
selected setting, and is independent of the irradiance received from the xenon arc, within
a nominal operating range.

Spectral output of a source may vary with input power to a light source, depending on
the  sophistication of design and/or proper functionality of the source’s power supply unit.
The objective in this experiment was to maintain a constant relative spectral power distri-
bution (shape of the spectral curve) as the irradiance level was changed. The onboard
FSM was used to verify that spectral integrity was maintained at the different irradiance
levels (Figure 2). 

Figure 3—Degradation curves for polystyrene under each experiment condition.

Figure 4—Degradation curves for polycarbonate under each experiment
condition.
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Table 2—Experimental Conditions, Degradation Functions, and Time to Failure
Calculations Obtained from the Exposure Trials for Polystyrene

Irradiance Time to Failure
Exposure Setting at Nominal Linear Regressions (Δb*=5)
Trial 340 nm Specimen for Observed From Observed Data
Designation W/(m2·nm) Temperature °C Degradation Dataa Regressions

1 ...........................0.4 77 y=1.175x+0.011 111
2 ...........................0.8 77 y=0.793x+0.393 76
3 ...........................1.2 77 y=0.679x+0.701 55
4 ...........................0.4 77 y=1.144x-0.076 116
5 ...........................0.8 77 y=0.783x+0.415 76

(a) All R2 > 0.99

Table 3—Experimental Conditions, Degradation Functions, and Time to Failure
Calculations Obtained from the Exposure Trials for Polycarbonate

Irradiance Time to Failure
Exposure Setting at Nominal Linear Regressions (Δb*=2)
Trial 340 nm Specimen for Observed From Observed Data
Designation W/(m2·nm) Temperature °C Degradation Dataa Regressions

1 ...........................0.4 77 y=0.421x–0.243 139
2 ...........................0.8 77 y=0.410x–0.249 72
3 ...........................1.2 77 y=0.354x–0.280 56
4 ...........................0.4 77 y=0.369x–0.293 162
5 ...........................0.8 77 y=0.340–0.265 87

(a) All R2 > 0.99

INCREMENTALLY OFFSETTING IRRADIANCE

The Ci5000 incorporates a closed-loop control system, which allows the selection of
different levels of irradiance to be received by samples from its xenon source. For this
test, the irradiance level from the xenon arc is monitored at 340 nm by a system incorpo-
rating a photo-receptor located in the exposure chamber. The signal from the light receiv-
er is passed through a 340 nm radiometer sensor and fed into the control system where it
is compared to, and automatically adjusted to maintain the operator-selected irradiance
level. This system allows several exposures to be performed at different irradiance levels
while maintaining a specific black panel temperature. 

COMBINING INCREMENTAL IRRADIANCE LEVELS AND
TEMPERATURE CONTROL

In this study, incrementally offset irradiance levels were combined with controlled
temperatures in five xenon arc exposure trials. In this way, appropriate, designed exper-
imental blocking of the specimen temperature variable was achieved while allowing
independent adjustment of the irradiance variable at three different controlled levels. The
Specific Specimen Surface Temperature S3T®9 was used to verify that the temperatures



of the specimens of interest did not change appreciable at the different irradiance levels.
Specimen temperature data are shown in Tables 2 and 3. 

This allowed successful characterization of the reciprocal relationships between expo-
sure irradiance and exposure duration, independent of temperature.

DEGRADATION MEASUREMENTS 

For the five trials, specimens were removed from exposure for measurement at the
same radiant dosage of 37.6 kJ/(m2·nm) at 340 nm. Since the exposures were conducted
at static irradiance levels with no dark cycles, a simple calculation allows radiant expo-
sure to be expressed in test duration (time) using the equation: (kJ//(m2·nm) = (W/m2·nm)
* 3.6 * time (h). 

MATERIAL AND MEASUREMENTS OF DEGRADATION

Polystyrene

The polystyrene standard reference material was utilized for this study. Test Fabrics,
Inc. produces the polystyrene specimens traditionally used for xenon arc weathering
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Table 4—Reciprocal Ratios, Expected Times to Failure, and Observed Times to Failure for
Polystyrene

Exposure Irradiance—
Trial W/(m2·nm) Reciprocal Expected—Time to Observed—
Designation @ 340 nm Ratios Failurea Time of Failurea

1................................0.4 1.2/0.4  3 165 111
2................................0.8 1.2/0.8  1.5 83 76
3................................1.2 1.2/1.2  1 55 55
4................................0.4 1.2/0.4  3 165 116
5................................0.8 1.2/0.8  1.5 83 77

(a) Comparisons are made with the high irradiance test (trial 3), which produced failure in approximately
55 h. Therefore, we would expect the time to failure in the low irradiance, trial 1, to be 3x longer than trial 3,
or 165 h.

Table 5—Reciprocal Ratios, Expected Times to Failure, and Observed Times to Failure for
Polycarbonate

Exposure Irradiance—
Trial W/(m2·nm) Reciprocal Expected—Time to Observed—
Designation @ 340 nm Ratios Failurea Time of Failurea

1................................0.4 1.2/0.4 3 168 139
2................................0.8 1.2/0.8 1.5 84 72
3................................1.2 1.2/1.2 1 56 56
4................................0.4 1.2/0.4 3 168 162
5................................0.8 1/2/0.8 1.5 84 87

(1) Comparisons are made with the high irradiance test (trial 3), which produced failure in approximately
56 h. Therefore, we would expect the time to failure in the low irradiance, trial 1, to be 3x longer than trial 3,
or 168 h. 
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exposure characterization. Previous experiments have shown that the polystyrene speci-
mens are sensitive to both irradiance and exposure temperature. The specimens are read-
ily available in single lots manufactured with an appropriate level of quality control and
exhibit an approximately linear degradation function region for development of yellow-
ness. At each increment of radiant exposure, the polystyrene specimens were removed
from the exposure devices and measured for yellowness as indicated by delta b* on the
CIE Lab scale. The measurements were done in reflectance mode, per SAE J1885.
Failure was arbitrarily defined as 5 delta b* units for these materials.

Polycarbonate

Also for the study, a commercially available sheet polycarbonate was obtained from a
retail source. Multiple specimens of appropriate size were cut from a single sheet and
randomized to mitigate any inherent bias in quality. The side of the specimens not pro-
tected by UV inhibitors was oriented towards the light source during exposures. These

Figure 6—Expected and observed reciprocity for exposures of polycarbonate.

Figure 5—Expected and observed reciprocity for exposures of polystyrene.
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samples were measured using the same method and schedule as the polystyrenes.
However, for these materials, failure was defined as delta b* of 2.0.

EXPOSURE RESULTS

The five controlled exposures were conducted in Atlas’ Engineering Laboratory in
Chicago, IL, during the fall of 2005. Figures 3 and 4 show the degradation curves for
each of the experimental conditions summarized in Tables 2 and 3 for polystyrene and
polycarbonate, respectively. Linear regression functions were determined for each degra-
dation curve and failure points for each trial were determined from these regressions. 

RECIPROCITY ANALYSIS

If reciprocity is obeyed, to attain the same level of degradation, we would expect an
exposure at 0.4 W/(m2·nm) at 340 nm, to take (1.2/0.4 =) three times as long as an expo-
sure at 1.2 W/(m2·nm) at 340 nm. Conversely, it should take an exposure at 1.2
W/(m2·nm) at 340 nm, (0.4/1.2 =) one-third the duration of an exposure at 0.4 W/(m2·nm)
at 340 nm, to reach the same failure point. Tables 4 and 5 summarize these reciprocal
ratios, the expected relative times to failure, and observed relative times to failure for
polystyrene and polycarbonate, respectively. Inspection of these tables illustrates consid-
erable departure from reciprocity for the development of yellowness in these two mate-
rials. The data shown in Tables 4 and 5 are graphed in Figures 5 and 6, respectively.
These graphs characterize the expected and observed relationship between relative irra-
diance levels of exposure and time to failure. The fitted power functions provide the
exponent characterizing the true reciprocal relationship. The exponent should be close to
1.0 for relationships that obey reciprocity. The actual reciprocal functions obtained in this
experiment are shown in Table 6.

SUMMARY OF OBSERVATIONS

(1) Development of yellowness in the polystyrene reference material and commer-
cially available polycarbonate showed departures from the reciprocal relationship
typically assumed to exist between irradiance level and exposure duration.

(2) Specifically, state of the art laboratory devices such as the Ci5000 Weather-
Ometer® may characterize reciprocity by controlling irradiance and temperature

Table 6—Reciprocity Functions Obtained from the
Exposure of Polystyrene and Polycarbonate

Reciprocity Function

Material Expected Observed

Polystyrene .................y = 66.23x–1 y = 64.22x–0.63

Polycarbonate.............y = 67.20x–1 y = 65.19x–0.91
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variables independently at static levels. This ability makes steady state, (non-
intermittent) laboratory weathering exposures desirable in addition to the natural
weathering characterizations for some materials.

(3) The design of this experiment provided degradation information for different
static levels of simulated solar irradiance. 

(4) Advanced laboratory weathering instrument enhancements that measure in situ
specimen temperature and xenon light spectra were helpful to ensure critical vari-
ables were blocked in this experiment.
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INTRODUCTION

The development of new or improved products necessarily requires meeting a wide
range of economic, operational, and performance criteria. Each presents its own difficul-
ties but issues involving durability carry the added problem of a long time scale and thus
become a potential bottleneck in bringing products to the marketplace. Durability can be
defined in many ways but implies the period of time that a product in its service environ-
ment will survive before requiring replacement or maintenance. Good durability is thus
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Attempting to quantify and predict the exterior service life performance of a
coating is an essential and frequently undertaken activity in the technical sec-
tions of the paint and surface coating industry. Such work, usually termed
weathering or durability studies, is carried out in an attempt to underpin new
product development, or to provide a measure of assurance of the in-use relia-
bility for already commercialized products. Determining or predicting service
life is often the rate-determining step of a new product launch. Any failure to
eliminate premature failure under service conditions may lead to liability
claims or even lawsuits. There are many approaches to service life prediction;
methodologies have been variously described as descriptive, scientific, and
reliability-based. Each of these will have many variants in terms of the mathe-
matical, statistical, and modeling tools that can be deployed to aid interpreta-
tion. Practical work is typically based on field and laboratory exposures and
the correlation or relationship between them. Natural weathering has an inher-
ently high variance and therefore requires a dosage model to aid interpretation
and establish relationships with laboratory testing. Establishing such a rela-
tionship can be time-consuming and expensive, particularly as it is not possible
to control natural weathering. However, there are possibilities for introducing
some systematic variability into natural weathering and using this to investi-
gate dosage factors. This chapter reviews some possibilities and describes the
development of a simple exposure rack enabling normal weathering at three
controlled temperature regimes.



equated with a long service life. However, it may be noted that the mode of failure is also
important and in wood coatings ease of maintenance may be judged more important than
a longer life if the latter carries the penalty of a more catastrophic failure mode.

A particular difficulty with many durability issues is that failure is seldom unequivo-
cal as with, for example, an electrical fuse, but has an ill-defined and often subjective
end-point. Moreover, there are several quite different failure modes, any one of which
might be judged dominant by the dissatisfied end-user. 

Clearly there is great commercial advantage in predicting service life from short-term
measurements and indeed many products will enter the market after a shorter period of
development and testing than the expected lifetime of the product itself. For this to be
possible without unacceptable risks, some strategy of service life prediction (SLP) must
be deployed. There are many such strategies, each of which requires the deployment of
deterministic or probabilistic techniques. A central tenant to any scientific approach is the
concept of causality, often expressed in terms of correlations. Mathematically, correla-
tions can be quantified through a coefficient, though the assumptions underlying the
validity of correlation coefficients should not be overlooked. Within a particular SLP
strategy there is a choice of tactics. One possibility is to identify a key critical outcome
property that correlates well with the anticipated failure mode. This might be measured
directly, e.g., as an elastic modulus, or indirectly through analytical techniques which
detect chemical degradation of the polymer backbone (such as ATR-FTIR). An alterna-
tive approach is to concentrate less on the underlying properties but focus instead on the
actual performance features valued by the user, which in the case of coatings might
include gloss, color, film integrity, corrosion resistance, and many others. In an ideal
world causal properties stay constant and are unaffected by the service environment; in
reality, of course, they change as a function of time, but in a manner dependent on the
conditions. From this perspective there are alternative and not necessarily exclusive
strategies that might be deployed to estimate service life on a shortened time scale, in
comparison to full natural exposure. One is to increase the severity of the conditions, or
challenge, in order to accelerate the rate of change; another is to extrapolate forward from
measurements taken over a relatively short period so that behavior in the longer term can
be predicted. Both approaches offer many choices in the protocols to carry out the inves-
tigations and the tools for analysis. 

For more than a century, accounts of the successes, failures, and problems of deter-
mining durability have appeared in the scientific literature. More recently, conferences1–3

dedicated to the topic have provided a forum for discussing many different facets of the
problem including a critical reappraisal of some established practices. Extensive reviews
highlight some of the unresolved issues for linkages between field exposure and labora-
tory testing, and the ability to predict service life. Martin et al4 and others have catego-
rized prediction methodologies that have been described respectively as:

• Descriptive
• Scientific measurement based
• Reliability-based
While there is overlap between these, some important differences in emphasis are

summarized in Table 1.
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All three methodologies as summarized above, albeit with some overlap, are used
within industry—either by default, or because they are judged appropriate to a specific
problem. Scientific advances relating in particular to photodegradation have been identi-
fied, which might benefit all three methodologies.4 The strong claim for the reliability
methodology is based on the potential to link field and laboratory results by an explicit
dosage model applied independently to each, rather than by correlation. However, there
remains a strong degree of scepticism that anything is better than real time exposure,5 and
published work continues to criticize correlation methods,6,7 without fully considering
other options.

A problem facing manufacturers in durability and service life studies is the high costs
involved when applying any methodology rigorously. The reliability-based methodology
is demanding in the amount of data that is required and may require specialist skills for
analysis. Payback may be in the longer term rather than solving immediate problems. At
the same time it must be recognized that many companies have launched successful prod-
ucts using less than rigorous methodologies, though clearly the risks will be different
between, say, architectural, automotive, and coil coating markets. There are two signifi-
cant factors that have enabled progress in the general coatings industry:

• The use of well characterized, known commercial products as performance stan-
dards

• Considerable past experience of specific technologies and products under field
conditions
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Table 1—Service Life Prediction Methodologies

Defining Scientific
Characteristics Descriptive Measurement Reliability-Based

Information Field and laboratory Field and laboratory Field and laboratory
sources exposures exposures exposures

Standard of Field exposure results Field exposure results Laboratory
comparison Standard products Chemical origins Field as laboratory

Mathematical and Correlation Coefficients Chemistry of degradation Reliability theory
scientific tools Ranking Modeling Dosage and cumulative

Time factors Correlations Damage models
Acceleration factors Statistics Statistics Prediction

Database analysis

Laboratory Simulated weathering Analytical techniques Statistical design
methods Protocols, using devices Simulation around failure modes 

with lamps Chemistry causes Controlled quantified
Macroscopic Relatively few variables dosage
Physical effects Many variables

Field methods Exposure sites Exposure sites Quantified dosage
Environmental records Environmental records measurement and
Reference standards Reference standards damage
Visual standards Instrumental standards characterization

Issues Damage and dosage Correlations with field Reciprocity
metrics. Light sources exposure Additivity
Poor correlations Polymer specific protocols Solar source
Poor repeatability Isolated failure modes Associates costs



Using established products as control standards in durability investigations is an inte-
gral part of much industrial development. It also highlights the fact that in many investi-
gations the objective is not an absolute determination of service life, but rather a relative
ranking methodology. Confidence that a new product is at least as good as, or preferably
better than an established one, is often a sufficient condition for sales and marketing,
even though the magnitude of the difference cannot be quantified. The second point is
also important and is a de facto application of Bayesian statistics (i.e., using prior knowl-
edge8), even if not formally applied. Experience-based knowledge of a product’s behav-
ior over a wide range, national or international, of service life conditions, is invaluable in
assessing and interpreting field or laboratory experiments, which contain as a control, or
benchmark, one or more products whose behavior is well established. One might call this
a “pragmatic methodology”!

Clearly the “pragmatic methodology” is less capable if a completely new technology
is introduced. Within the coatings industry there is at present a current need to change
products and technology in response to environmental and other legislation. Compliant
products with a shorter track record are replacing better known established technologies. 

One of the risks facing a manufacturer using ranking methods of assessment arises
when relative rank orders of performance against a standard change. Within the coatings
industry there is “core knowledge,” or at least a strong belief, that the rank order of coat-
ing performance can vary between climatic zones, and some manufacturers claim to for-
mulate differently to allow for this. This belief is very plausible if the dominant failure
mode changes; for example, fungal growth can be an acute problem in hot humid condi-
tions while in a dry sunny climate gloss loss or chalking become more problematical.
Even when the final failure mode appears similar, a different underlying mechanism can
operate. For example, a program to develop exterior clear coatings for wood reports light
stabilizers and absorbers did show the expected durability improvement in some, but not
other, resin systems.9 This was attributed to the predominance of hydrolytic degradation
over photodegradation. Where photodegradation was the dominant mechanism the light
stabilizers were effective. Such systems are likely to show rank order changes in differ-
ent climatic conditions. 

In recent years, PRA has undertaken projects involving corrosion,10 dirt pick-up,11 and
mold growth.12 In every case, rank reversals for specific products were noted between
sites and in ways that were impossible to simulate by laboratory testing alone. 

If rank order changes are an accepted reality then the coating industry is risking what
statisticians might call a “Type 1” or “Type 2” error. Type 1 errors result in a failure to
recognize potential problems when conditions change. In contrast, Type 2 errors mistake
poor test discrimination for real effects. 

Rank order reversals, when they do occur, also emphasize that the notion of severity
in climatic conditions is to some degree relative rather than absolute. It also highlights
the need for “robust products” that are insensitive to variation and hence the need to
understand competing mechanisms if more robust products are to be developed.

Against this background, PRA has initiated work that sets out to introduce some
aspects of the reliability methodology, in particular the application of dosage factors,
with a test protocol that is relatively inexpensive and forms a link between laboratory and
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field exposure. The tactic employed is to combine natural weathering field exposure with
additional variables. It is recognized that this approach does not allow for the rigorous
exploration of dosage factors offered by methods such as the NIST “SPHERE,”13 but it
does in principle allow for some exploration of the sensitivity to dosage factors, and can
extend the range of conditions experienced during field exposure while retaining the
character of the exposure site. This extends the options for treating the outdoor environ-
ment as a laboratory test. In principle, the approach can simulate some aspects of local
climatic variation without introducing unnatural factors and also offers some decoupling
of confounded factors such as sunshine exposure and temperature. The work is at a rela-
tively early stage but has led to the development of an exposure rack with three temper-
ature-controlled zones. Before describing the development of this apparatus, a brief
overview of natural variation in three major dosage variables is given.

NATURAL WEATHERING DOSAGE FACTORS

There are several factors that will degrade a particular substrate/coating combination.
Corrosion is strongly influenced by salt and acidic pollutants; general appearance will be
degraded by dirt and mold spores. Hail damage is a major problem in some climatic
regions. However, a major contributory factor to the degradation of coatings and other
materials is the combined effects of the intensity of solar radiation, temperature, and time
of wetness. Around the world it is possible to classify climate in terms of the total dosage
of these factors over long periods of time. Weather, in contrast to climate, shows consid-
erable variation on a short-time basis and cannot be considered reproducible except in a
broad statistical sense. Fortunately, modern data logging equipment makes it possible to
record the three major variables enabling the development of cumulative damage mod-
els. Such models will require the dose response, e.g., temperature, to be measured for the
target substrate, and not the environment in general. While weathering factors can be
characterized accurately, they are usually regarded as outside the control of the experi-
menter, save by exposing at different times or different sites. Therefore, control of vari-
ables is usually carried out in laboratories in devices that may be described as artificial
or accelerated weathering. Normally, the intensity of the dosage factor is considerably
increased, particularly radiation. There is, however, another way of varying the dose of
all three factors and that is by altering the angle of exposure. If this is done in a system-
atic manner then there is a basis for exploring aspects of the dose response relationship,
which might be used to predict performance, even though the intensity of the dose is not
outside the normally experienced range. 

In-service Irradiance Variation

Although the solar flux generated by the sun is effectively constant, the amount reach-
ing any terrestrial object will be modified by angle of incidence and distance travelled
through the atmosphere. During passage, absorption and scattering processes from air,
ozone and other gases, and water vapor will modify it, leading to altitude and local dif-
ferences. The angle of incidence of sunlight may be calculated,14 taking into account fac-
tors that include latitude and the slope of the exposed surface. For a horizontal surface at
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a given latitude, the angle of incidence will vary continuously throughout the day and
according to the time of year in a complex manner with high angles of incidence at the
beginning and end of the day, and lowest around midday. As the exposed surface changes
from the vertical, while maintaining a constant compass direction, the angles of incidence
are significantly modified, and again if the exposure azimuth (compass direction) is
changed. Graphical representations of the angle of incidence have been published,14

which will also vary as a function of latitude. Because the influence of incident angle on
irradiation will be modified by atmospheric conditions, dosage is normally measured
rather than calculated at reference weathering sites.

A surface exposed to the sun will receive maximum radiation at the time when the
angle of the sun’s rays is normal (90°) to the surface. For a fixed surface during the day
the intensity will be distributed around a maximum according to the time of day and lat-
itude. In the northern hemisphere fixed test panels are usually faced south at a specific
angle. Maximum radiant energy will be received at the “latitude angle,” e.g., 25° for
southern Florida, 33° for Phoenix, AZ, 51° for London. By convention, many coatings
are tested at 45° which is considered a good compromise and more severe than a vertical
exposure. A fixed 5° angle is more severe in summer months than 45° and will also col-
lect more dew and rainfall—however, 45° would receive more solar energy in the winter
months. Compared to vertical exposure, 45° has a significant accelerating effect and for
wood coatings has been shown to range between a factor of 1.5 to 2.0 depending on the
composition.15 This will reflect time of wetness differences, as well as irradiance.

The solar radiation (and temperature) can be further increased in various ways that
include backed mountings, focusing mirrors, and continual or continuous variation of the
exposure angle (e.g., EMMAqua®). A wide gamut of test configurations is thus available
with options of spraying with water and salt solutions. Clearly it is not possible to say
that any particular one of these conditions is “right” to evaluate service life—it will
depend on the objective. For automotive paints a 5° exposure, perhaps with backing,
might be chosen to simulate conditions inside a car. Miami and Phoenix exposure sites
are valued as representing more severe conditions (though not to local residents), partic-
ularly for photodegradation, since they shorten the time required to experience high accu-
mulated UV dosage relative to sites which receive less sunshine. The use of mirrors and
variable angle racks speeds this further. Although the objective of variable angle or
enhanced exposure is often either to speed the time to failure, or test the worse case sce-
nario, simultaneous exposure at different angles also provides a means to establish accel-
eration or other dosage factors that might then be used predicatively.

Hardcastle,14 for example, has shown a strong correlation between “angle of expo-
sure” and Yellowness Index for a polystyrene reference material. At the same time, dif-
ferences in the character of the color change development are apparent between the
Florida and Arizona sites, resulting from other climatic differences, such as time of wet-
ness. In another example, coil coated metal cylinders oriented East–West were monitored
at specific points corresponding to a range of exposure angles. Once again, the impor-
tance of exposure angle is shown, but with differences between sites and according to the
response metric used; color and gloss behaved differently. The fortuitous octagonal cross
section of lampposts in Fort Lauderdale, FL, offered a unique opportunity to study color
and gloss changes of a coating in an end-use environment. Measurements on the differ-
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ent faces of the posts showed systematic changes in color and gloss as a function of the
azimuth exposure angle. Such observations underline the possibilities for broadening the
dosage information that can be gleaned from a single site and ideally this would be com-
bined with systematic “time-of-wetness” and temperature step changes.

In-service Time of Wetness (TOW) Variation

Water is a major contributor to coating degradation, with specific effects according to
the nature of the substrate. Thus, wood is prone to movement and decay, ferrous metals
to corrosion, while masonry paints are highly alkaline. Apart from substrate-water inter-
actions, coatings exposed externally are subject to hydrolysis, causing scission, while
photolysis leads to free radical photooxidation, further exacerbated by the presence of
water. Water is also a carrier for other materials and may contain salt or acidic materials.
In consequence, exterior-weathering investigations will usually record rainfall data. It is
now recognized that this is not sufficient as a dosage factor, since dew formation may
account for more water on a surface than rainfall. Moreover, the nature of the specimen,
including its insulation value and residual heat content, will markedly influence the
TOW. Although rising temperatures, e.g., of a panel as sunshine increases, will evaporate
water, it may also increase water absorption. Differences in TOW between laboratory and
field exposures are thus a potential source of poor correlation between laboratory and
field exposures, and may be difficult to manage even in controlled experiments. Using
load cells, Boisseau et al.7 recorded ~250 L water on a 24 cm2 panel in 56 days. In con-
trast, 300 h of the SAE J1960/J2527 cycle, approximately equivalent to three months of
outdoor weathering, used only 24 L of water. Furthermore, the water in “weatherometers”
is usually deionized and not necessarily representative of rain and dew.

TOW varies greatly between climatic zones and, in a humid climate like Miami, coat-
ings could be wet 50% of the total time, compared to an arid climate like Phoenix where
5% is more typical. Like UV dosage, TOW is greatly influenced by the design of test pan-
els on weathering sites.16 Backed panels undergoing radiative cooling, i.e., at nightfall,
do not gain heat from ambient air as fast as unbacked panels and will fall below the dew
point for longer periods, thus remaining wetter. Clearly the angle of exposure will affect
water run-off; at low angles (0°–5°), water will collect in droplets. This is very notice-
able when water repellents are present, as is common with exterior wood finishes. The
combined effect of high UV and long TOW leads to a faster rate of photo-hydrolysis and
may be sometimes seen on the flat surface of wooden balustrades. Similarly, the amount
of corrosion in marine environments of a flat mild steel specimen was three to four times
greater than a vertical panel. In general total corrosion increased incrementally as the
angle of exposure was decreased.17

TOW is thus useful as a means of accelerating or maximizing a particular mode of
service life degradation, and if varied systematically can be used to investigate dosage
relationships. Fischer and Ketola18 investigated TOW as a water-stress multiplier by
comparing a range of materials exposed at Phoenix, Miami, and St. Paul (MN). In most
cases failure was faster in the wet environment (typically 12%) with some materials
showing a greater sensitivity (68% faster). TOW is likely to interact with other dosage
factors but may also be confounded with UV and temperature effects.
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In-service Temperature Variation

Although the UV portion of sunlight is very damaging to polymers it accounts for
only 5% of the total energy; around 51% is radiated in the infrared range. Not surprising-
ly this has a major effect on the temperature of exposed coatings. White paints reflect a
large proportion of infrared radiation, but much more is absorbed by darker colors includ-
ing black; dark colored paints can consequently become up to 30° hotter than pale ones,
unless the latter contain infrared reflecting pigments. Chlorophyll reflects in the infrared
region, otherwise leaves could not withstand sun exposure without shrivelling. The actu-
al temperature of a coated colored surface will clearly depend on the angle of exposure
modified by other factors such as the specific heat and mass of the coated substrate as
well as insulation and ventilation (wind speed). Ideally, the temperature of an exposed
coating in service should be measured using data logging and appropriate sensors.
Models have also been developed to predict temperature based on heat and radiative
transfer mechanisms.19-20

Temperature is expected to have an accelerating effect on chemical reactions.
Quantitatively, models such as the Arrhenius equation are used to predict the relationship
between reaction rate and temperature: 

k=A*exp(–Ea/R*T)

where k is the rate coefficient, A is a constant, Ea is the activation energy, R is the uni-
versal gas constant, and T is the temperature (in degrees Kelvin).

The equation predicts a doubling of reaction rate with a 10° rise in temperature, and
this is often the case with chemical reactions. However, weathering degradation is a com-
plex process with mechanisms such as light and moisture stress, which follow different
kinetics. The study by Fischer and Ketola18 showed an average acceleration factor of 1.41
(SD 0.23) for a 10°C temperature increase—the maximum recorded was 1.89. Although
this is less than the doubling predicted by Arrhenius, it still represents a significant
increase.

The previous discussion emphasizes that natural weathering comprises a number of
factors which, acting together, bring about coating degradation. The three primary dam-
age factors are solar irradiation, time of wetness, and temperature. These differ substan-
tially according to geographical location, and each will vary in response to meteorologi-
cal and other local conditions. Such inherent variability complicates comparison between
sites, and between field exposure and laboratory testing. Quantification of in-service
exposure environments provides a means of developing a dosage model for inter-site and
inter-laboratory comparisons. To create such a model requires exposure and quantifica-
tion at different sites, and is time consuming. Furthermore, particular combinations of
exposure conditions may occur relatively rarely and interactions may not be recognized.
An alternative strategy to multi-site exposure is to bring about controlled variability at a
single site and this might be brought about, as noted above, by altering the angle of expo-
sure and changing TOW in a systematic way. Such tactics are widely used as a means of
maximizing degradation (e.g., the exposure options offered by commercial weathering
sites), but less studied as a means of building up a dosage model. This is an area worthy
of further study as it offers the prospect of effectively creating climatic variation condi-
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tions characteristic of a spe-
cific site within a single expo-
sure period. Such an
approach could be achieved
by simultaneous exposures
for a given site at different
angles, and with controlled
TOW, which are relatively
straightforward to achieve.
Control of temperature is
more difficult and would be confounded with orientation effects. The following account
describes the setting up of a fixed angle exposure rack with three controlled temperature
zones, and some preliminary results. Further work is planned to cover other variables.

CONTROLLED TEMPERATURE EXPOSURE RACK

The core feature of the hardware development for a controlled natural weathering sys-
tem has been the design and construction of one or more thermally regulated plates, on
to which the arrays of test panels can be fixed for exposure to the prevailing weather. The
system, as constructed, allows for either a fixed or a systematically controlled tempera-
ture on each plate. Facilities are included to apply a regulated water-spray to selected
panels. This water is in addition to any moisture received by the test panels, from the nat-
ural rainfall, dew, or humidity. 

In the current prototype, three temperature-controlled arrays are set respectively at
25°C, 35°C, and 45°C, and each array angled at 45° to the horizon and south facing.
Thus, each panel on a plate would receive the same dose, at the same rate of dose, of solar
energy during the period of exposure. In fact, the engineering in the system readily allows
for variation in the plate’s angle to the horizon, thus permitting the incident radiation dose
at each plate to be varied, if required. Local climate, in particular the humidity and
aspects of the solar radiation spectrum, are comprehensively recorded. 

Although simple in concept, there were a number of learning points resulting in evo-
lutionary development. The first prototype used ordinary main tap water for cooling with
a separate recirculatory heater (Figure 1).

Problems were experi-
enced with lime scale build
up and the failure of solenoid
valves, which were subse-
quently replaced with pneu-
matic-controlled valves. A
closed-loop water circuit sub-
stituted the open flow cooling
system and the control soft-
ware improved with a PID
(proportional, integral, deriv-
ative) controller (Figure 2).
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Figure 1—Schematic diagram of prototype 1 (P1 = test panel
mounting 1).

Figure 2—Schematic of prototype 2.



The second prototype gave much improved temperature control but failures in the
pneumatic valves eventually occurred and there was still scope for better temperature
control. A third prototype (Figure 3) was re-engineered by a commercial partner to incor-
porate the following features:

• Aluminum plates with even internal temperature distribution
• Separate water circuits to avoid mixing hot and cold water
• Isolated water circuit loops for each plate, each with its own immersion heater
• Continuous water flow
• Reduced energy losses
• Better control of energy input
Each test plate is composed of two aluminum panels with a channel machined to

allow the water to flow between them. To reduce temperature gradient difference
between the inlet and outlet on each plate a special dual spiral design of the channels
has been introduced; this is shown in Figure 4. The in and out channels run parallel
across the plate and their proximity helps to compensate for any temperature gradient
that might occur. Thermal dissipation from the back of the plate is reduced with insu-
lating material. A tank has been put in the water loop to add thermal inertia to the cir-

cuit with a pump circulating the water
from the tank to the plate and back to
the tank. A 3KW immersion heater sup-
plies energy to the water and excess
energy is removed via a heat exchanger
through which cold water is circulating
from an external closed circuit cold-
water chiller unit common to the three
plates. The temperature is measured on
every plate by the control software,
running on a local PC. This control
software uses the acquired data and
issues commands to the actuators in the
cabinets—all actions and temperatures
are logged. An automatic spray system
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Figure 3—Schematic of prototype 3.

Figure 4—Diagram of the spiral channel used.



enables spraying of all or part of the test panel mountings at pre-determined intervals
(Figure 5).

With all the modifications in place and some further tuning to the electronics, the sys-
tem was sufficiently stable to require only a weekly check of water levels, and to main-
tain the required temperature separation over normal UK weather conditions.

External Data Logging

Various aspects of natural weather conditions were collected using a Skye Instruments
DataHog2 logger; these include UVA, UVB, %RH, air temp, black and white panel tem-
peratures, total solar radiation (via pyranometry), and wetness. Wind speed and total rain-
fall were considered of lesser interest and were not monitored. The collection devices
used and the sampling times are summarized in Table 2.
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Figure 5—Example of
general control of the sys-
tem for 24-hour period.

Table 2—Collection Devices and Sampling Time for Monitoring Natural Weather
Conditions

Sampling Logging Threshold
Sensor Orientation Interval/min Interval/min Value

RH NA 5 20 NA
Air temperature NA 5 20 NA
Black panel sensor 45° South 5 20 NA
White panel sensor 45° South 5 20 NA
Pyranometer
(350–1100 nm) Horizontal 5 20 0000.18

UVA Horizontal 5 20 0.0015
UVB Horizontal 5 20 0.0015
Wetness 45° South 5 20 0.65789 V

Figure 6—Total solar
radiation measured using
a pyranometer over 2004.



104

Over a year weather conditions at the exposure site (Teddington, UK) have shown the
air temperature ranging from –2.7 to 30.9°C and black/white panel temperatures from
–5.6/–5.7°C to 59.2/39.5°C. Figure 6 summarizes the data recorded by the total light
pyranometer and shows the amount of solar radiation received in a horizontal plane paral-
lel to the roof. 

EVALUATION OF THE WEATHERING RACK PROTOTYPES

Evaluation of the rack, in terms of its ability to separate temperature effects, was car-
ried out at each stage of prototype development and is on-going. Reporting periods are
thus relatively short. An objective, imposed by the funding body, was that the project’s
activities should be focused on the development of the system and the test methodology
rather than examining weathering itself. This requirement has somewhat limited the
scope for exploring the range of applications for which the controlled weathering unit
might be used. The following investigations are therefore to explore the capability of the
test rig, using coating formulations expected to show differences (Table 3).

Coating response was investigated using a pair of melamine-cured polyester resins of
known relative performance. Each was made up into a dark blue coil coat formulation
with a pigment:binder ratio of 0.6:1. The pigmentation comprised rutile titanium dioxide,
black copper chromite, cobalt aluminate spinel, and chrome antimony titanate. Other nor-
mal formulating additives were included. The formulations were prepared without stabi-
lizers, with HALS, and with a combination of UV absorber and HALS to give six formu-
lations having different sensitivity to photodegradation and hydrolysis. 

Degradation of the coatings was monitored using a selection of techniques including
color, gloss 60°, atomic force microscopy (AFM), and Fourier transform infrared atten-
uated total reflectance (FTIR-ATR). Only color and gloss changes are reported here.

Using a Rhopoint® Nova glossmeter, 60° gloss was recorded. A total of seven meas-
urements were recorded per panel. 

The Lab values of each panel were measured on a Gretag Macbeth Color-eye® 7000A
using a large sample port, D65 and specular component included. The color values
reported are ΔE values, which were calculated from equation (1); the initial unexposed
values of Lab were used for each panel when calculating ΔE.

(1)

During exposure the position of the coated panels was rotated on the heated plates.

Table 3—Investigation of Test Rig Capability

Resin T1 Resin T2
Stabilizer Tg = >45 Tg = <45

None T1N T2N
1% HALS T1YA T2YA
2% UV absorber
1% HALS T1YB T2YB



EXPERIMENTAL RESULTS

Overall Effect of Temperature on Gloss

Using the second prototype rack, sets of the six formulations were exposed (45° S)
with normal and additional wetting. Exposures were initiated during both winter and
summer. A half-factorial experimental design was used. The overall effect on gloss and
color for the three set temperatures is shown in Figures 7 and 8.

Results may also be expressed as a function of cumulative solar radiation (Figure 9).
A preliminary model of the relationship between gloss and dosage was derived using

a relationship of the form:

(2)

In this instance for an iterative (Microsoft Excel™ Optimization function) best fit, the
ATG versus ASR data at 25°C was obtained using data points inside the ASR range of 500
– 2500 MJ/M2 and applied to determine values for A and B. Equation (3) was then applied
using T=35°C and 45°C to generate predicated gloss versus dose profiles (Figure 10):

(3)

where: D = Accumulative total solar radiation dose
T = Temperature of the plate in °C
A = 107.46 x D–1.0129

B = 221.88 x A–0.0895

Although these initial results must be taken with caution, they do suggest that temper-
ature effects can be detected and separated in a way that would be difficult for uncon-
trolled temperatures. For example, Schutyser and Perera21 found increasing gloss reten-
tion in a QUV experiment to be in the order 57°C<66°C<36°C<73°C, and it is possible
that the set temperatures did not correspond to the panel temperatures. The temperature
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Figure 7—Trends seen in gloss
60° change (average of all
panels on each plate).

Figure 8—Trends seen in delta
E color change (average of all
panels on each plate).
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Table 4—ANOVA Table for 60° Gloss Results 

Sum of Degree of Mean Probability
Squares Freedom Squares F Test Value

Intercept 17242.46 1 17242.46 458011011 0.000000

Time/days 0.14 12 0.01 302 0.000000

System 0.02 1 0.02 655 0.000000

Stabilizer present 0.05 1 0.05 1262 0.000000

Stabilizer type 0.00 1 0.00 47 0.000000

Plate temp 0.02 2 0.01 305 0.000000

Water 0.01 1 0.01 279 0.000000

Time/days*System 0.02 12 0.00 42 0.000000

Time/days*Stabilizer
present 0.00 12 0.00 9 0.000000

System*Stabilizer
present 0.00 1 0.00 3 0.069289

Time/days*Stabilizer
type 0.00 12 0.00 3 0.000036

System*Stabilizer
type 0.00 1 0.00 0 0.620621

Stabilizer present*
Stabilizer type 0.00 1 0.00 2 0.125975

Time/days*Plate temp 0.06 24 0.00 68 0.000000

System*Plate temp 0.03 2 0.01 382 0.000000

Stabilizer present* Plate
temp 0.01 2 0.00 93 0.000000

Stabilizer Type*Plate
temp 0.00 2 0.00 8 0.000471

Time/days*Water 0.01 12 0.00 32 0.000000

System*Water 0.01 1 0.01 151 0.000000

Stabilizer present*Water 0.00 1 0.00 29 0.000000

Stabilizer type*Water 0.00 1 0.00 3 0.079038

Plate temp*Water 0.02 2 0.01 234 0.000000

Error 0.16 4263 0.00 — —

Notes: To meet the conditions for ANOVA analysis, a log transformation was applied to change the data
into an approximately Gaussian distribution.

If the p-value resulting from the ANOVA procedure is < 0.05 the evidence is considered statistically signifi-
cant and the null hypothesis is rejected.

Figure 9—Trends in average
gloss for all systems with
accumulative solor radiation
dose.



rack on the other hand controls, within known limits, the panel temperature that is being
studied.

The previous results are for pooled data; analysis of variance (ANOVA) was carried out
to evaluate the significance of main factors and interactions. An example of the ANOVA
analysis table is given in Table 4.

At a significance level of 99%, the
main factors (temperature, ± stabiliz-
er, ± water spray) are all significant—
this is reasonably clear from the raw
data. For the effect of temperature to
be of practical use it is necessary to be
able to detect interactions between
temperature and other factors. With
the present limited data this can only
be achieved by statistical analysis.
Results are usefully presented as
graphical displays, e.g., Figures
11–14. The center point of any verti-
cal bar in the interaction plot is the
mean score, and the length of the bar
represents the 90% Tukey confidence
limit for the mean. The confidence
limit denotes the outer limit of the
expected value if the experiment was
repeated under the same conditions.
Figure 11 shows the main effect of
“plate temperature” and supports the
trend apparent in Figures 7 and 9.

Figure 12 is the interaction plot of
“plate temperature” against “resin sys-
tem.” Resin T1 has a Tg greater than
45°, while the Tg of resin T2 is below
45°C. An interaction between resin
and temperature is therefore to be
expected, and it is encouraging that
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Figure 10—Plot of predicted gloss using equation (3).

Figure 11—Graph of main factor “plate temp” (second
prototype).

Figure 12—Interaction plot of “plate temp” vs “resin
system.”
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Figure 14—Plate temp*Water spray interaction.

Figure 15—Main factor “plate temperature.”

Figure 13—Interaction plot of “resin system” vs
“water spray.”

such an effect is detected. Several
authors have stressed the significance
of Tg in durability studies and acceler-
ated weathering.22-24

Figure 13 shows that T2, the lower
Tg resin, is more susceptible to gloss
loss when subject to additional water
spray. It is possible that this is indica-
tive of hydrolysis, as the coating
would also be more permeable.
Temperature*water-spray interaction
is only apparent at the higher temper-
ature (see Figure 14).

Influence of Temperature on
Color

In addition to the gloss changes,
the coatings also underwent greater
color changes at the higher tempera-
ture. Table 5 shows the ANOVA
analysis for ΔE. All the main factors
can be seen to be significant at the
99% level together with a number of
interactions. Ranking in terms of f
value shows that plate temperature is
by far the most important factor. The
strong temperature dependence of
color change is shown in Figure 15.
The resin system used in the paint for-
mulation also had a marked effect,
with the coatings with the softer resin
giving higher ΔE values. Additional
water spray, received by half of the
panels, also had the effect of increas-
ing the color change. 

All the above results were obtained
using the second prototype. With the
commissioning of the third prototype,
a further exposure series was initiated
using the same formulations. A similar
pattern of gloss loss was noted
(Figure 16—compare with Figure 7)
with somewhat smoother curves,
which may reflect the better tempera-
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Table 5—ANOVA Analysis for Lab Color Change ΔE

Degree of
SS Freedom MS f p

Intercept 36.10627 1 36.10627 8503.586 0.000000

Time/days 16.04739 11 1.45885 343.583 0.000000

Resin system 4.11728 1 4.11728 969.684 0.000000

Stabilizer present 0.50318 1 0.50318 118.506 0.000000

Stabilizer type 0.09304 1 0.09304 21.913 0.000004

Plate temp 30.06888 2 15.03444 3540.843 0.000000

Water spray 1.75513 1 1.75513 413.360 0.000000

Time/days*Resin
system 0.20610 11 0.01874 4.413 0.000002

Time/days*
Stabilizer present 0.15350 11 0.01395 3.287 0.000232

Resin system*
Stabilizer present 0.01673 1 0.01673 3.941 0.047705

Time/days*Stabilizer
type 0.05672 11 0.00516 1.214 0.274324

Resin system*Stabilizer
type 0.04071 1 0.04071 9.588 0.002074

Stabilizer present*
Stabilizer type 0.32018 1 0.32018 75.408 0.000000

Time/days*Plate temp 1.61020 22 0.07319 17.238 0.000000

Resin system*Plate temp 0.19316 2 0.09658 22.746 0.000000

Stabilizer present*
Plate temp 0.26079 2 0.13040 30.710 0.000000

Stabilizer type*
Plate temp 0.11553 2 0.05777 13.605 0.000002

Time/days*Water spray 0.77413 11 0.07038 16.574 0.000000

Resin system*Water
spray 0.00517 1 0.00517 1.217 0.270418

Stabilizer present*Water
spray 0.00644 1 0.00644 1.517 0.218641

Stabilizer type*Water
spray 0.09088 1 0.09088 21.404 0.000005

Plate temp*Water spray 0.08329 2 0.04165 9.808 0.000067

Error 2.02959 478 0.00425 — —
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Figure 16—Trends seen in gloss 60° change (average of all panels on each
plate) for third prototype.

Figure 17—Main effects, plate temperature (third
prototype).

Figure 18—Plate temperature*Resin type interaction.
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Figure 19—Plate temperature*Stabilizer interaction.

Figure 21—Plate temperature*Water-spray*Resin type
interaction.

Figure 20—Plate temperature*Water-spray interaction.
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ture control. The initial “dormant” period during which 60° gloss shows no change is
characteristic of many glossy coatings, although some damage may be detected using
AFM25 and other techniques. 

Temperature and other interactions recorded on the third prototype followed a similar
pattern to that of the second. A selection of the interaction graphs is shown in Figures
16–21, which provides evidence that zoning a weathering rack into temperature bands
enables the separation of significant effects and interactions.

SUMMARY AND CONCLUSION

Many attempts to simulate and accelerate aspects of the natural weathering of coat-
ings have failed to establish a good correlation. Frequent changes or reversals of rank
order for performance metrics have been reported. In principle, this problem may be
addressed using a proper dose-response model using a reliability-based service life pre-
diction methodology. However, such investigations can be both time-consuming and
expensive for small to medium size enterprises. 

Another possibility for investigating the dosage sensitivity which, although less rigor-
ous, can provide useful information, is to take advantage of systematic variation of nat-
ural weathering itself. Three important variables are solar irradiation dosage, time of wet-
ness, and temperature. The first may be changed through the angle and orientation of
exposure panels, and the second changed with controlled water spraying. Temperature is
more difficult to control and is likely to be confounded with irradiation.

A prototype weathering rack has been developed which uses water circulation to con-
trol plates supporting panels at 25°, 35°, and 45°C. Preliminary evaluation of the rack
using a selected formulation set of known response has shown temperature effects and
temperature interactions with other variables. It is therefore concluded that this approach
is a useful way of varying conditions around natural weathering without venturing into
the extremes that might cause “unnatural” results. Sensitivity to dosage factors can thus
be investigated for a specific exposure site.

Further work will be required to validate the preliminary results and it is planned to
broaden the range of performance metrics to include mold (fungal) growth, dirt pick-up,
and corrosion. The latter are expected to show a different response to the gloss and color
effects reported here.
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INTRODUCTION

Building joint sealants are filled elastomers that are an essential component of mod-
ern construction. They serve in weatherproofing of structures by preventing unwanted
moisture intrusion and subsequent water damage. Over the past two decades, rapid tech-
nological advances and tremendous market growth in the building joint sealant industry
have introduced a multitude of novel sealant products into the marketplace. In service,
building joint sealants are exposed to various aging factors, including temperature,
humidity, solar radiation, cyclic fatigue loading, etc. The interaction of these aging fac-
tors with sealants inevitably affects their properties and determines their long-term dura-
bility.1-4 Hence, to reduce the risk of introducing poorly performing products into the
marketplace, information on long-term performance of new products is needed.
However, unlike existing building joint sealant products, new sealants lack long-term
performance data. Various laboratory accelerated tests have been adopted to generate
durability data, and to predict the long-term performance data in less than real time.
However, building joint sealants have been reported to fail prematurely in the field even
though they may have performed satisfactorily using these laboratory evaluations.
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Predicting the service life of building joint sealants exposed to service environ-
ments in less than real time has been a need of the sealant community for many
decades. Despite extensive research efforts to design laboratory accelerated
tests to duplicate the failure modes occurring in field exposures, little success
has been achieved using conventional durability methodologies. In response to
this urgent need, we have designed a laboratory-based test methodology that
used a systematic approach to study, both independently and in combination,
the major environmental factors that cause aging in building joint sealants.
Changes in modulus, stiffness, and stress relaxation behavior were assessed.
Field exposure was conducted in Gaithersburg, MD, using a thermally-driven
exposure device with capabilities for monitoring changes in the sealant load
and displacement. The results of both field and laboratory exposures are pre-
sented and discussed.



Studies in the construction
industry have shown a
50% failure rate within 10
years and a 95% failure
rate within 20 years after
installation.5-7 What makes
these failures particularly
detrimental is that sealants
are often used in areas

where moisture-induced degradation is difficult to monitor and expensive to repair.
Consequently, sealant failure is frequently detected only after considerable damage has
occurred. In the housing market alone, premature failure of sealants and subsequent mois-
ture intrusion damage is a significant contributor to the $65 billion–$80 billion spent annu-
ally on repair.8 The aim of the present research, therefore, was to design a laboratory accel-
erated testing protocol that provides a platform for screening the relative importance of four
different aging factors—temperature, humidity, radiation, and cyclic fatigue—acting inde-
pendently and in combination on the degradation of building joint sealants. Since field
exposure results have been designated as the standard of performance, outdoor field expo-
sure was also carried out. This exposure was conducted in Gaithersburg, MD, using a
polyvinyl chloride thermally-driven exposure device, which relies on changes in outdoor
air temperature to induce cyclic fatigue deformation on sealant joints.

EXPERIMENTAL CONSIDERATIONS*

Materials and Specimen Preparation

A commercial sealant was provided by a member of a NIST/industry consortium, and
formed into sealant joints conforming to the ASTM C7199 specimen geometry shown in
Figure 1. Specimens were prepared by extruding the sealant from a cartridge into a spec-
imen cavity (50.8 mm x 12.7 mm x 12.7 mm) composed of aluminum supports (76.2 mm
x 12.7 mm x 12.7 mm) on opposite sides with a polytetrafluoroethylene (PTFE) film on
the back and PTFE spacers (12.7 mm x 12.7 mm) on each end. The specimens were cured
in this fixture for 5 h at room temperature, and then removed from the fixture, keeping the
PTFE spacers and the aluminum blocks intact. The samples were then allowed to cure for
an additional three weeks as specified in the ASTM C719 test method.

EXPOSURE CONDITIONS AND CHARACTERIZATION 

Laboratory Exposure and Characterization

Specimens were exposed to both field and laboratory accelerated conditions. The
accelerated tests were conducted using a custom-made in-situ device with independent
and precise control of temperature, humidity, radiation, and cyclic strain movement, and
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Figure 1—Schematic illustration of the test geometry used
(not to scale).



built-in characterization functionality (see Figure 2). A full description of the hybrid
device is documented elsewhere.10 Temperature control was achieved via a precision
temperature regulator; humidity control was accomplished via the proportional mixing of
dry and saturated air. Highly uniform UV radiation was attained through the use of an
integrating sphere-based weathering chamber, referred to as the Simulated
Photodegradation via High
Energy Radiant Exposure
(SPHERE).11 Six high intensity
light sources were used in the
SPHERE to produce a collimat-
ed and highly uniform ultraviolet
flux of approximately 480 W/m2.
A computer-controlled stepper
motor and a precision transmis-
sion system were used to provide
precise movement control that
imposed mechanical deforma-
tions on the sealant specimens.
There was a total of eight speci-
men holders, each of which was
attached to a hermetically sealed
load cell (Model SSM-AJ-250,
Interface, Scottsdale, AZ) with a
capacity of ± 113.4 kg. To pre-
cisely measure device move-
ment, two linear variable differ-
ential transformers (LVDT)
(Model HSD-750, Macro
Sensors, Pennsauken, NJ) with a
deflection range of ± 6.35 mm
were used. 

During the exposure, half of
the specimens were subjected to
cyclic fatigue loading while the
other half remained unloaded to
provide a comparison. The
fatigue deformation cycle
involved varying the tensile
strain between 25% and 50%. A
total of 1460 cycles were
imposed on the specimens (38
min/cycle). Prior to and after the
exposure experiment, a character-
ization test was run, which con-
sisted of two loading-unloading
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Figure 2—(a) An integrating sphere-based weathering
chamber, referred to as the Simulated Photodegradation via
High Energy Radiant Exposure (SPHERE), and (b) an in-
situ device. 

Hybrid in-situ 
device

Cover houses
heating and RH
control system

(a)

(b)



cycles (0% to 25% strain) and one
stress relaxation measurement at
15% strain. After characterization,
the specimens were allowed to recov-
er before starting the fatigue cycling.
The loading and unloading during
characterization were performed at 2
cm/min which meant that the speci-
men was under load for a time period
denoted as t0. The time under load in
the stress relaxation test was denoted
as t1. To ensure that the viscoelastic

recovery from one loading was complete before the next loading was initiated, the spec-
imen was allowed to rest for 10t0 or 10t1 between loadings (Figure 3). For these tests, the
values for t0 and t1 were 20 s and 3 h, respectively. The motivation for the two loading-
unloading cycles was to see if any Mullins Effect was present and to mitigate any Mullins
Effect in the subsequent stress relaxation test. This Mullins Effect is a phenomenon
observed in filled elastomers: the stress at a given strain is higher the first time the spec-
imen is deformed than it is for subsequent deformations. As long as the maximum strain
achieved during the first deformation is not exceeded, all subsequent loadings follow the
same stress-strain curve. As a result, it is common to pre-strain a sample to high values
so that the results are reproducible in subsequent testing. 

For the stress relaxation measurements, specimens were loaded rapidly at 100
cm/min up to 15% strain and held at that value while load was monitored as a function
of time. The time required to load a specimen was less than 1 s and the first data point
was not taken until after 10 s to avoid transient effects associated with uploading. An
apparent modulus, Ea, was calculated using a relationship based on the statistical theory
of rubber-like elasticity12-14:

(1)

where W and B are the width and breadth of the sealant (see Figure 1), L is the load, t is
the time, and λ is the extension ratio, which is given by:

(2)

where Δ is the cross-head displacement. Equation (1) assumes that the sealant is incom-
pressible, which should be a good assumption for elastomers. 

To examine the change in the specimen produced by exposure, the apparent modulus,
Ea, from the characterizations before and after were compared. This was done by calcu-
lating the fractional change in apparent modulus, F. If exposure time is designated as te,
then F is given by:

(3)
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Figure 3—Strain history used for Mullins cycles and
stress relaxation tests.



A second way to monitor the changes during exposure was to calculate stiffness index
based on loading curve in each cycle of the fatigue deformation experiment. This stiff-
ness index was given by the slope of the linear regression curve fit to a plot of the volt-
age output for a load cell versus the voltage output for a LVDT. This produced 1460
points over the one month period. Unlike the stress relaxation experiments in which
changes before and after exposure were only obtained, the use of stiffness index offered
the advantage of monitoring changes during exposure. Squared correlation coefficients,
r2, for fitted curves were also obtained to measure goodness-of-fit of linear regression,
and hence the reliability of the indexes. A custom-written LabVIEW (National
Instruments, Columbia, MD) program was developed for signal generation, analysis, and
data acquisition. More information can be found elsewhere in this literature.10

In addition to the presence or absence of fatigue deformation cycle during exposure,
specimens were subjected to one of four different environments involving combinations
of temperature and RH, i.e., (a) 30°C and 0% RH, (b) 30°C and 80% RH, (c) 60°C and
0% RH, and (d) 60°C and 80% RH. In this chapter, 60°C will hereafter be denoted as
“hot,”  and 30°C as “cold.” Also, 80% RH will hereafter be denoted at “wet,” and 0% RH
as “dry.” As a result, there were eight different exposure conditions for the sealant mate-
rial, and with four replicates of each, a total of 32 specimens were examined in each test. 

Field Exposure and Characterization

Field exposure was performed in Gaithersburg, using custom-made thermally driven
outdoor exposure engines, as shown in Figure 4. Each engine was composed of a mov-
ing frame and a fixed support frame. The moving frame consisted of two 101.6 mm diam-
eter polyvinyl chloride (PVC) pipes (Schedule 40), a stainless steel crosspiece, six stain-
less steel rods, and six specimen holders; while the fixed support frame was comprised
of a wood support frame, and a fixed stainless steel crosspiece. The strain on the sealant
samples was generated by thermal changes in the exposure environment combined with
the relative difference in the coefficient of thermal expansion between the PVC pipe and
the end grain wood frames. A full description of the devices is reported elsewhere.15

Specimens were placed into the device at a time when the temperature was approximate-
ly 13°C (55°F), so they were under no load at that temperature. At high temperatures
PVC pipes expand, causing the specimens to be loaded in tension; conversely, the spec-
imens are loaded in compression when the pipes contract at low temperatures, as shown
schematically in Figure 4b and c. Consequently, the engines are also known as
“winter/compression” or “summer/tension” engines. The engines were mounted facing
south towards the equator at an angle of 90° from the horizontal plane. 

To monitor the force on each specimen, each specimen holder was attached to a her-
metically sealed load cell (Model SSM-AJ-250, Interface, Scottsdale, AZ) attached with
a capacity of ± 113.4 kg. The displacement was monitored with LVDTs (Model HSD-
750, Macro Sensors, Pennsauken, NJ) with a deflection range of ± 6.35 mm. The LVDTs
were bolted between both fixed and moving stainless steel crosspieces. These electro-
mechanical transducers were instrumented to monitor continuously forces and deflec-
tions. Also, each engine was attached to a series of six thermocouples to record the tem-
peratures of PVC pipes. Data from load cells, LVDTs, and thermocouples were directly
fed into a Keithley 2701 Ethernet-based Data Acquisition System (Keithley Instruments,
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Figure 4—Schematic illustrations of (a) the thermally driven PVC engine, and
the mechanism of the engine: (b) at a high temperature, the PVC pipe expands
causing the specimen to be loaded in tension; and (c) at a low temperature,
the pipe contracts causing the specimen to be loaded in compression.15

(a)

(b)

(c)



Cleveland, OH). A custom-written LabVIEW program was used to collect the voltage
measurements from the Keithley system every 15 seconds, 24 hours a day. After one-
minute worth of data was collected, the program averaged the values and appended the
result to a tab-delimited database on a remote server. The engines allow changes in stiff-
ness to be monitored as a function of exposure time. 

RESULTS 

Indoor Exposure

Figure 5 shows typical results for the two loading-unloading curves in the first char-
acterization test on a specimen. The Mullins Effect is clearly present with higher stress
levels during the first loading curve versus the second. Note that the unloading curves are
the same in both cases. All subsequent loading-unloading curves will fall on top of the
data in the second cycle. 

Figure 6 shows a representative plot of changes in apparent moduli as a function of
relaxation time for specimens under “static/hot/wet” conditions prior to exposure and
after completion of fatigue deformation
cycle. There were up to four replicates in
each test, and the vertical bars indicate
experimental uncertainty. Consequently,
the difference seen between the two
curves is significant. Note that there is no
change in the curve shape, implying that
time dependency of the apparent modu-
lus is very similar before and after expo-
sure. The magnitude of the apparent
modulus, however, decreased signifi-
cantly after exposure. Similar curves can
be generated for all eight exposure con-
ditions, but a plot with all 16 curves and
their uncertainty is much cluttered. To
facilitate comparison between different
exposure conditions, stress relaxation
data are presented as a fractional change
in apparent modulus, F, as a function of
relaxation time (see equation (3)). In
such a graph, no change would be repre-
sented as a horizontal straight line at
F=1.0. A horizontal line above or below
F=1.0 indicates that exposure caused a
vertical shift in the stress relaxation
curve but no change in shape, i.e., the
time dependence did not change.
Something other than a horizontal
straight line indicates a change in the
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Figure 5—Loading-unloading curve for Mullins
cycle.

Figure 6—Variation of apparent modulus as a func-
tion of relaxation time for specimens under “stat-
ic/hot/wet” conditions before and after 
exposures.



time dependence. The experimental
uncertainty can be shown as a
hashed region on each side of F=1.0
so if the point for a given curve falls
within this region, there is no
changes outside the experimental
uncertainty. Stress relaxation data at
different combinations of tempera-
ture and RH for static tests are
shown in Figure 7. The lines at very
low values of F indicate the samples
have failed. The near straight lines
parallel to the abscissa show that
there is no change in the curve
shape for all conditions. 

The effect of temperature on the static performance of joints can be assessed by exam-
ining the conditions at the same RH, namely by comparing “static/cold/wet” with “stat-

ic/ hot/wet,” or “static/cold/
dry” with “static/hot/dry.” It
is apparent that the tempera-
ture effect, either under a rel-
atively dry or a moist envi-
ronment, is insignificant.
Also, moisture-induced
deterioration in the static
performance at a low tem-
perature similarly seems
unimportant, as revealed by
comparing the “static/cold/
dry” and “static/cold/wet”
results. However, as shown in
Figure 8, the combination of
high temperature and RH
produced a slight reduction in
apparent modulus. All joints
under static conditions
remained intact and no joint
failure was observed. 

Under cyclic fatigue defor-
mation, the durability behav-
ior differs considerably from
that of static tests. The frac-
tional changes in apparent
modulus as a function of
relaxation time for cyclic
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Figure 7—Stress relaxation curve for both static and
cycle fatigue tests.

Figure 8—(a) Changes in stiffness index for samples with
movement and no movement. (b) Corresponding squared corre-
lation coefficients, r2, as a function of exposure times in days
for specimens under “fatigue/cold/dry” conditions. No visible
failure is evident in the samples during the entire exposure.



fatigue tests are included in
Figure 7. In a “cold” and
“dry” environment, the
effect of fluctuating loads on
the cyclic performance of
sealant joints is insignificant.
Furthermore, changes in the
stiffness index of specimens,
which were measured by the
slopes of loading curves in
the load-displacement plot
for fatigue deformation cycle,
were examined. The corre-
sponding squared correlation
coefficients, r2, for the fitted
slopes were also obtained to
assess the goodness-of-fit of
the slopes. The results for
“fatigue/cold/ dry” are shown
in Figure 8. The results for
“static/cold/dry” are also
included for comparison, but
the slopes are always zero
because there was no fatigue
deformation cycle. In
Figure 8a, the stiffness
index of specimens under
“fatigue/cold/dry” remained
unchanged over a month of
exposure, which agreed with the comparable stress relaxation data. The relative high val-
ues of corresponding squared correlation coefficients confirmed the reliability of the data
obtained (see Figure 8b). 

However, as shown in Figure 7, the combination of cyclic fatigue with a high temper-
ature, or with a high RH, or the combination of three aging factors, resulted in substan-
tial changes in moduli. All joints tested under these conditions failed; thereby, the curves
were plotted with ordinate magnitudes equal to zero. Changes in stiffness index and lin-
ear regression coefficients as a function of exposure time for “fatigue/ hot/dry” are shown
in Figure 9. It can be seen that there was no change in stiffness index in early stages of
exposure. With increasing exposure, the stiffness index decreased and was eventually fol-
lowed by specimen failures. The stiffness index plots for “fatigue/cold/wet” and
“fatigue/hot/wet” are shown in Figures 10 and 11, respectively. The stiffness for these
specimens decreased drastically upon exposure, and then failures followed. 

The loci of failure for all joints were visually observed as being cohesive within the
sealant layers, indicating that the sealant itself was weak, while the interfacial adhesion
between the sealant and the substrate was relatively robust. Further examination revealed
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Figure 9—(a) Changes in stiffness index for both samples with
movement and no movement. (b) Corresponding squared correla-
tion coefficients, r2, as a function of exposure times in days for
specimens under “fatigue/hot/dry” conditions. Visible failure is
evident in the three samples experiencing movement starting at
eight days to 25 days.
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Figure 11—(a) Changes in stiff-
ness index for both samples with
movement and no movement. (b)
Corresponding squared correla-
tion coefficients, r2, as a func-
tion of exposure times in days
for specimens under
“fatigue/hot/wet” conditions.
Visible failure is evident in the
samples at times less than two
days.

Figure 10—(a) Changes in stiff-
ness index for both samples with
movement and no movement. (b)
Corresponding squared correla-
tion coefficients, r2, as a func-
tion of exposure time in days for
specimens under “fatigue/cold/
wet” conditions. Visible failure
is evident in the samples at times
less than six days.
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extensive embrittlement. Therefore,
it is highly likely that extensive
crosslinking had taken place in the
specimens, rendering them brittle
and leading to premature failures. It
is also clear that cyclic fatigue alone
is not the critical factor leading to
environmental failure of this sealant,
but it is the combination of cyclic
fatigue with other environmental fac-
tors (i.e., temperature or moisture)
that is deleterious. 

Field Exposure

In the case of field exposure, specimens were exposed to cyclic deformation induced
by dimensional changes of PVC engines in which specimens were loaded in tension
when outdoor air temperature was relatively high and in compression when the outdoor
air temperature was relatively low. The evidence showing that changes in outdoor air
temperature directly affect the magnitude of cyclic deformation imposed on specimens is
shown in Figure 12. Because of temporal variations in outdoor air temperature, cyclic
loading varies with the time of day. Such cyclic loading time series was what would be
expected with sealants used in
building structures. Load and
displacement experienced by
specimens were continuously
monitored over one year, and
the results are shown in Figure
13. In this plot, the data points
on the right and left hand sides
of the zero displacement line
indicate which specimens were
in tension and compression,
respectively. For clarity, only
data points collected over a day
in each month were plotted. It
should be noted, however, that
data points for other days in the
same month were very similar.
From Figure 13, hysteresis in
the load-displacement plot is
clearly seen, demonstrating the
viscoelastic nature of the
sealant, which is common for
all sealants although their
observed degrees vary. It can

Figure 12—Variation of temperature of PVC pipe and
the resulting displacement as a function of time.
Measurements were made on July 1, 2004.

Figure 13—Load versus displacement recorded over one year
of field exposure for displacement ranges of (a) –4 mm to 8
mm, and (b) 6.92 mm to 7.02 mm.

(a)

(b)
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also be seen that specimens
underwent both tensile and
compressive loadings in
December 2003 and February
2004, but compressive loading
was found to be predominant. In
contrary, specimens were most-
ly loaded in tension in June
2004, as shown by positive dis-
placement values in the load-

displacement plot. Interestingly, the displacement recorded in July 2004 differed signifi-
cantly from that in June 2004, and the curve for July 2004 was located in the far right end
of the plot, indicating that specimens had undergone a change from a mixture of com-
pressive and tensile loading to a pure tensile loading. In later stages of exposure, speci-
mens remained in tension.

Continuous monitoring of load and displacement allowed changes in stiffness to be
examined, which was measured by the slopes of load-displacement plots (Figure 13). The
values of stiffness are tabulated in Table 1, and squared correlation coefficients, r2, for fit-
ted curves are also included. It can be seen that r2 value is relatively high for each month,
signifying that each curve in the load-displacement plot can be fitted by a straight line with
a highly reliable slope. From Table 1, it can be seen that the stiffness for freshly exposed
specimens was 10 N/mm in December 2003. In the next seven months, the stiffness
remained statistically unchanged, but in July 2004 the stiffness increased substantially to
400 N/mm. This significant increase in the stiffness shows that the sealants have under-
gone profound structural changes, and that summer exposure was more severe than win-
ter exposure. Physical examination of the specimens revealed that the specimens had hard-
ened considerably compared to unexposed specimens, indicating that extensive embrittle-
ment had occurred. This observation indeed correlates well with the relatively high stiff-
ness recorded. In later stages of exposure, the stiffness continued to increase to approxi-
mately 500 N/mm, and, eventually, the sealants failed cohesively. 

DISCUSSION

Accurate prediction of in-service performance of sealants in less than real time has
remained a modern unresolved scientific issue. At present, the generation of reliable per-
formance data still requires long-term field exposure. Longer field exposure times are
thought to reduce the risk of introducing a poorly performing product into the marketplace.
However, the cost of developing new products is directly related to the product develop-
ment time and the time-to-market. The more time in the pipeline, the more investment
required and the smaller the eventual profit. Over the years, extensive efforts have been
made to design a laboratory short-term test which provides an accurate indication of how
well a building joint sealant will perform when exposed outdoors. However, these efforts
have largely been unsuccessful, which arises mainly from the lack of success in relating
field and laboratory results. From the results presented in this chapter, it is clearly seen that
the current laboratory accelerated tests provide an excellent platform for evaluating the

Table 1—Tabulation of Stiffness and the
Corresponding Squared Correlation Coefficients, r2,
for Different Months of Exposure

Exposure Month Stiffness (N/mm) r2 Coefficient

Dec. 2003 9.62 0.94
Feb. 2004 6.53 0.95
June 2004 5.98 0.97
July 2004 405.60 0.92
Sept. 2004 526.24 0.85
Nov. 2004 475.37 0.85
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service life of building joint
sealants. Furthermore, the present
tests were successful in duplicat-
ing the same failure mode that
occurred in field exposure.
Specifically, extensive crosslink-
ing was found to occur in speci-
mens under both field and labora-
tory accelerated exposures, which
was eventually followed by brittle
fracture. The current test method
therefore circumvents the prob-
lems associated with accelerating
the environmental attack with the
use of unrealistically extreme doses of aging factors well above any likely seen in-service.
Such tests often lead to unnatural failure mechanisms. 

It is evident from the above discussion that the indoor laboratory accelerated test
allows not only the individual effects of cyclic fatigue, temperature, and RH to be inves-
tigated independently, but also the synergistic effect of combining two or more factors.
By using this test method, it has been shown that specimens were able to resist the indi-
vidual influence of cyclic fatigue, high temperature, and RH, but degraded substantially
when exposed to the combination of cyclic fatigue with a high temperature or RH, or the
combination of these three factors. Fatigue, high temperature, and RH collectively pro-
vide strong synergism, thus accelerating the degradation mechanism and rapidly deterio-
rating sealant properties. Such observations correlated well with observations made
under field exposure in that summer exposure was found to more aggressive in terms of
environmental attack than winter exposure. This is because air temperature was general-
ly higher in summer, as shown in Figure 14. 

It is noteworthy that threshold type tests such as ASTM C719 have been widely adopt-
ed by the industry for selecting appropriate sealant formulations for specific applications.
For example, ASTM C719 establishes the performance of sealants through the following
protocol: a one-month period of static cure followed by a sequential stress regime includ-
ing immersion in water (7 d), baking in an oven (7 d), exposure to UV, and, finally,
mechanical cycling.9 The samples are then visually evaluated for defects. Obviously,
such a protocol assumes that no strong synergistic effect exists between the different
aging factors. However, as shown by the present study, the effect of an individual factor
acting alone may be different from the combined effect of two or more factors. The
sealant material studied here will therefore pass ASTM C719, and, as such, will be mis-
takenly approved for installation on buildings, where it may fail prematurely. The exis-
tence of such synergistic effects raises serious concerns as to whether viewing the envi-
ronmental effects of these factors independently is meaningful, highlighting the prime
importance of accounting for such synergism in the development of scientifically mean-
ingful accelerated durability tests. 

Figure 14—Changes in air temperature from December
2003 to November 2004.



128

CONCLUSIONS

A test methodology has been designed to duplicate the same failure modes occurring in
in-service exposures. Such methodology employs a systematic approach in which both
independent and synergistic effects of various aging factors on the durability of building
joint sealants were evaluated in terms of changes in modulus, stiffness, and stress relaxation
behaviors. Indoor accelerated exposures were carried out using an integrating sphere-based
weathering chamber; while one-year field exposures were carried out in Gaithersburg,
using a polyvinyl chloride (PVC) device, which relied on thermal response of PVC to out-
door air temperature to induce cyclic fatigue deformation on sealants. Indoor test results
revealed that cyclic fatigue, high temperature, or moisture, on sealant mechanical proper-
ties acting alone did not degrade this sealant, in combination, however (e.g., cyclic fatigue
deformation with temperature and/or moisture) was detrimental, resulting in extensive
embrittlement and leading to premature failure. Sealants exposed to field conditions exhib-
ited the same behavior, indicating that the accelerated test methodology provided an accu-
rate indication of the durability of sealants exposed outdoors. The present study has clear-
ly shown the importance of designing experiments that enable effects of various aging fac-
tors to be systematically evaluated, with test results correlating to field performance if
accelerated conditions more accurately reflect the balance of field exposure conditions.
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INTRODUCTION

Background

Sealants (caulking compounds) are used extensively in the outdoor envelope of resi-
dential construction to seal against water intrusion. They often fail shortly after installa-
tion because of improper joint design, incompatibility with the substrate, poor applica-
tion practices, and excessive movement of wood and wood-based materials.

As part of ongoing work on materials used in residential construction, studies on
sealants began in 2002 at the USDA Forest Service, Forest Products Laboratory,
Madison, WI, in cooperation with the National Institute of Standards and Technology
(NIST) in Gaithersburg, MD, and several sealant manufacturers. These studies resulted
in several publications that described the construction of test apparatuses, instrumenta-
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Outdoor Testing
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A computer-controlled test apparatus (CCTA) and other instrumentation for
subjecting sealant specimens to cyclic fatigue during outdoor exposure was
developed. The CCTA enables us to use weather-induced conditions to cyclic
fatigue specimens and to conduct controlled tests in-situ during the outdoor
exposure. Thermally induced dimensional changes of an aluminum bar were
fed to a computer that enhanced the movement, set limits on the movement,
and supplied movement information to the test apparatus. As specimens moved,
load/deformation and weather conditions (temperature, relative humidity, UV
radiation, precipitation, and wind velocity) were measured every few minutes
to give an extensive database containing these variables. In addition, con-
trolled tests were done every four hours during the exposure. At these four-
hour intervals, the computer was programmed to interrupt weather-induced
cyclic fatigue and conduct a standard-strain test. The data enabled us to calcu-
late the elastic modulus of each specimen at any time during the exposure and
to construct a model that fit the observed temperature and relative humidity
effects on modulus.



tion of indoor and outdoor test facilities, data collection systems, and data analysis meth-
ods.1-8 This work involved detailed laboratory and field studies designed to develop serv-
ice life prediction methods for sealants. Studies are continuing, and a critical part of the
work is the measurement of load and deflection of specimens as they are fatigue-cycled
during outdoor exposure. Measurements can be combined with measurements of the
environmental “dose” (various weather factors that may cause a load/deflection or degra-
dation) to form a dose-response relationship that expresses degradation of specimens as
a function of exposure conditions rather than exposure time. The dose-response of the
sealant obtained from outdoor testing accomplishes several advances over traditional
time-response experiments. The critical factors causing degradation can be established,
interactions among factors can be determined, and dose-response from outdoor experi-
ments can be compared with dose-response from accelerated laboratory experiments to
obtain a meaningful acceleration factor. 

The overall objective of our studies was to develop a protocol for predicting the serv-
ice life of sealant formulations and to identify the fundamental mechanism of early fail-
ure. This protocol included both accelerated laboratory and outdoor exposures. All out-
door weathering factors—temperature, ultraviolet (UV) radiation, relative humidity
(RH), wind velocity, and rainfall—and their amount (dose) were monitored, and the
sealant degradation (material response) was linked to the dose. In short, our objectives
were to (1) gather real-time data of stress and strain of sealants during outdoor exposure,
(2) gather real-time data on weather, including UV radiation, and (3) match sealant
response to accumulated environmental stresses. Ultimately, our goal is to use the infor-
mation from outdoor materials response and weather data to develop appropriate accel-
erated tests and the capability to determine service life in less than real time with statis-
tical confidence and reasonable accuracy. 

Weather and Weathering Factors 

Weathering factors are solar radiation, abrasion, pollutants, changes in temperature
and relative humidity, and wet/dry and freeze/thaw cycles. The weather at any location

can be quite variable from day to day
and year to year. For example, the
record high in Madison, WI, on June
21, was 100°F (38°C) in 1988; the
record low was 36°F (2°C) in 1992.
The average high/low temperature on
June 21 is 80°/57°F (27°/14°C). The
average temperature is rather mean-
ingless in terms of the material degra-
dation if the actual temperature can
vary over such a wide range. Many
materials, particularly polymeric,
may be at a different state (above or
below the glass transition), which
could greatly influence the rate and
mechanism of degradation. Average
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Figure 1—Severe weather and damage resulting from
freezing rain (courtesy of John Walker, Boone REMC,
Lebanon, IN). 



weather is comprised of large variation and often includes severe weather conditions
(Figure 1). 

In reviewing the work in our laboratory and similar work reported by others who have
developed accelerated test methods, two problems became obvious. First, weather is not
consistent from day to day, season to season, year to year, and century to century.9

Second, weather data have not been used in any meaningful way during outdoor expo-
sure. That is, there has been no link between specific weather events and the response of
materials to these events. Thus, a variety of weathering events that may have had a dra-
matic influence on degradation have only been averaged. There has been no way of
knowing what the conditions were when the specimens degraded. The specimens may
have degraded more or less at the same rate since the previous evaluation, or all of the
degradation could have occurred during a single weather event, such as freezing rain
(Figure 1). Periodic evaluations—the standard method used in accelerated tests—show
only the change since the previous evaluation, not the conditions that caused the change.
Results have often been misleading because critical factors causing the degradation were
either not known or not measured.

Reliability-Based Service Life Prediction

Reliability-based service life prediction depends on accurate and precise measurement
of specimen response as it degrades, measurement of degrading factors, and integration
of the factors to obtain the dose. Field data can then be compared with accelerated labo-
ratory tests using dose and response rather than some response versus time (Figure 2). 

Traditional methods for linking outdoor weathering tests with accelerated laboratory
tests usually involve a weathering device programmed with a wet/dry and UV radiation
cycle to approximate the outdoor weather. UV radiation from a carbon arc10 was used in
early weathering devices; to a great extent, this source was later replaced by a xenon-arc
source.11,12 Other devices use UV fluorescence light sources.13,14 Considerable effort has
been made to develop a light source that duplicates natural sunlight. Researchers contin-
ue to search for the correct cycle that replicates outdoor conditions. Researchers want
accelerated tests that predict the degradation that occurs in actual use, but it is difficult to
ensure that the degradation
mechanism is the same in the
test and in actual use. If the
mechanism of degradation is not
the same, there is little chance
that the accelerated test will give
reliable results. The key to
ensuring that the degradation
mechanism is the same in vari-
ous exposure conditions is to
monitor the chemical changes.
Other than recent work by
Martin and others at the
National Institute of Standards
and Technology (NIST), few
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Figure 2—Reliability-based service life prediction (SLP)
methodology.



attempts have been made to measure chemical changes occurring in materials exposed
outdoors and link them to chemical changes in materials exposed in accelerated labora-
tory tests.15-17

Previous Sealant Tests

Sealants (caulking compounds) have become widely used in commercial and residen-
tial structures to help seal their exterior envelope against water intrusion. Sealants are for-
mulated to accommodate cyclic stress and strain, but they may undergo cyclic fatigue in
combination with other degrading factors. 

General guidelines for accelerated testing of sealants are described by ASTM C 1442,
Standard Practice for Conducting Tests on Sealants using Artificial Weathering
Apparatus.18 Other ASTM methods for accelerated weathering of sealants are C 718–93
(UV–Cold Box Exposure of One-Part, Elastomeric, Solvent-Release Type Sealants), 
C 732–95 (Aging Effects of Artificial Weathering on Latex Sealants), C 734–93 (Low-
Temperature Flexibility of Latex Sealants After Artificial Weathering), C 793–97 (Effects
of Accelerated Weathering on Elastomeric Joint Sealants), C 1257 (Accelerated
Weathering of Solvent-Release-Type Sealants), and D 2249 (Predicting Effect of
Weathering on Face Glazing and Bedding Compounds on Metal Sash).19-24 These tests
use a weathering device with UV radiation and intermittent water spray to accelerate
degradation. The tests are not meant to predict the exact service life nor the mechanism
of failures, but are more qualitative evaluations of sealant performance. 

The Hockman Cycle, a standard that combines cyclic stress (fatigue), water immer-
sion, and temperature change, was initially developed by A. Hockman at NIST.25 Several
devices have been used to induce cyclic movement (fatigue) of sealants during exposure.
These devices generally use thermally induced dimensional change to cause fatigue in a
sealant. For example, Onuoha26 used unplasticized polyvinyl chloride (PVC) pipe to pro-
duce fatigue in one-part polyurethane and polyurethane-hybrid sealants. Racks have also
been built using dissimilar materials such as wood and aluminum,27 concrete and alu-
minum,28 and steel and aluminum29,30 to develop fatigue stresses. Manually operated
devices have been used to create cycling effects.31-33 Lacasse and Margeson34 cycled

sealants during cure. Bolte et
al.35 reported on cyclic move-
ment of sealants during cure
in natural and artificial weath-
ering. Liu and Wang36 used
cyclic freeze-thaw cycles to
test sealants used for horizon-
tal joints in concrete. Al-Qadi
et al.37,38 also evaluated
sealants used for concrete
slabs using cyclic shear and
static horizontal deflection.
Using the RILEM TC139-
DBS test method, Miyauchi
et al.39 conducted durability
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Figure 3—Sealant specimens attached to wood-driven TS cyclic
test apparatus: the apparatus places the specimens in tension
(T) as the wood swells (S).



tests that included cyclic
fatigue in combination with
exposure to UV radiation in
a xenon-arc weathering
device. Sharman et al.40

evaluated sealants in outdoor
exposure using a cyclic
movement test apparatus.
Koike et al.41 cycled sealants
in laboratory tests at temper-
atures of 0–80°C and calcu-
lated modulus and loss tan-
gent. Marechal and Kalifa42

used cyclic movement dur-
ing artificial weathering to
evaluate sealant performance under three different simulated climate conditions. Beech43

reviewed test methods for sealants. Wolf 44,45 reviewed the correlation of long-term arti-
ficial aging and outdoor exposure of sealants. Wolf and Seneffe46 reported on work with-
in ISO TC 59/SC8 and RILEM TC139-DBS committees since 1990 that dealt with devel-
oping meaningful tests for sealants. In previous reports describing sealant tests, environ-
mental factors were not recorded in an ongoing basis. Therefore, it was not possible to
correlate the dose of degrading factors with quantifiable changes in chemical or physical
properties. Evaluations were usually done on a predetermined schedule (weekly, month-
ly, or biannually) and involved only a visual examination. This examination might indi-
cate an adhesive or cohesive failure, but it
was impossible to determine when the
specimens failed or the conditions that
caused the failure. 

Wood-Based Cyclic Fatigue
Apparatus

In our previous cyclic fatigue stud-
ies,5–7 the weather-induced movement of
sealant specimens was obtained from the
dimensional change in flat-sawn (tangen-
tial) blocks of red oak (Quercus rubra).
Precipitation and/or changes in relative
humidity caused the wood to change mois-
ture content, thus giving the required
dimensional change. Two designs (TS and
CS) were developed for conducting these
exposure tests. In TS (Figure 3), the test
specimens are placed in tension (T) by an
increase in moisture content of the wood
(as the wood swells [S]). This subjects the
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Figure 4—Sealant specimens attached to wood-driven CS cyclic
test apparatus: the apparatus places the specimens in compres-
sion (C) as the wood swells (S).

Figure 5—Close-up of specimens on the wood
driven test apparatus showing the specimen, load
cell, and the linear variable differential trans-
former (LVDT).



specimen to stresses similar to that
obtained via thermal expansion or
contraction of metals, glass, ceram-
ics, or polymers. This apparatus
simulates the thermally driven
designs previously used, but it is
driven primarily by changes in rela-
tive humidity and water, not tem-
perature. In CS (Figure 4), the test
specimens are placed in compres-
sion (C) as the wood swells, which
subjects the specimens to stresses
similar to that obtained when
sealants are used on wood. The
wood moved against an aluminum
frame to produce a cyclic move-
ment. The aluminum was attached
to the bar at the top of the appara-
tus; the load cell and specimen are
uni-axial (Figure 5). All fasteners in
the apparatus were stainless steel.
Each specimen could be attached to
a linear variable differential trans-
former (LVDT). However, we
found that deflection could be
determined using only four LVDTs. 

When we began measuring
dimensional changes and loads on
specimens, we thought we could
determine changes in “apparent
modulus,” adhesive and cohesive
failures, and the effect of tempera-
ture, strain, and strain rate by ana-
lyzing the vast amount of data we
obtained. Figure 6 shows the
stress-strain plot over four days as a
specimen was cycled following a
period of rain. This particular test
apparatus placed the specimen in
decreasing tension as the wood
dried (Figure 3). The diurnal cycles
are superimposed on the overall
decrease in tensile strain. The best-
fit linear slope of stress-strain lin-
ear portions or this type of plot
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Figure 6—Stress-strain plot of a sealant specimen show-
ing diurnal cycles and superimposed on an overall
decrease in tension over four days. The beginning of the
four-day period is at the top.

Figure 7—Failure of a sealant specimen: (a) stress-strain
plot showing the failure (failure occurred on May 16,
2003, at about 1:15 pm), (b) photograph showing an
adhesive failure. Note the failure shows a slope because
the two data points were taken 15 min apart. 



gives an “apparent elastic modulus” (henceforth referred to as elastic modulus). It is an
apparent modulus because we did not take into account the change in cross-sectional area
or the effect of cohesive or adhesive failure of specimens as they degraded. Cohesive and
adhesive failures were easy to observe, and this was reported earlier (Figures 7a and b).5-7

Figure 7a shows several cycles with an abrupt change in the slope of the stress-strain
plot. This abrupt change occurred at 1:15 pm on May 16, 2003, following a day of rain
that placed the specimen close to 25% strain. Figure 7b shows the failed specimen.
General trends could be determined by comparing plots over time (Figure 8). The data
could also be plotted to show the modulus versus net cumulative strain energy (Figure 9)
or cumulative UV radiation (Figure 10). Determining modulus in real time proved to be
much more difficult because it required selecting data on an equivalent basis of temper-
ature, RH, and strain and calculating modulus from the relatively small number of data
points that were taken under similar environmental conditions. Analysis of more than
three years of data from previous work5-7 measuring load-deflection response showed no
two times when the temperature, strain, and strain rates on the specimens were the same.
During three years, the weather never repeated itself, so the specimens were never at the
same condition more than one time in three years. The data were too variable to detect
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Figure 8—Stress-strain plots for two sealant specimens. Data were collected for three months a
year apart. (a) sealant shows an increase in elastic modulus, (b) sealant failed in adhesion.

Figure 9—Elastic modulus versus cumulative strain energy and versus time.

(a) (b)
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modulus changes with adequate
certainty. We were aware that
data scatter could result from the
sealant’s sensitivity to strain his-
tory. This shortcoming of the
original uncontrolled cyclic
fatigue experiments led to the
development of a computer-con-
trolled test apparatus (CCTA).47

The CCTA made it possible to
conduct controlled measure-
ments at the beginning of the
exposure to determine specimen
quality and properties at various
temperatures, strains, and strain
rates as the specimens aged.

Greater control of the experiment enabled us to discover material properties that were
obscured in previous work. The CCTA is capable of temporarily suspending routine
exposure testing and performing a precisely controlled stress-strain test (henceforth
referred to as “standard strain test”) to measure elastic modulus. 

EXPERIMENTAL

Weather Station, Test Apparatus, and Data Acquisition 

The Forest Products Laboratory field site, which is 5 km west of Madison, WI, has
been fully instrumented to collect weather data during outdoor exposure of materials.
The weather station, test apparatus, and data acquisition system have been described in
detail in previous publications.5-7,47 We measured temperature wind velocity, relative
humidity, rainfall, and UV irradiance at 18 different wavelengths in the range of 290 to

324 nm. The intensity at each
wavelength can be integrated
to get dose. The dose for other
weather factors can also be
calculated from the data (total
rainfall, degree days, time at
dew point). This work
involves detailed laboratory
and field studies designed to
develop SLP methods for
sealants. The data from our
studies show a clear link
between the materials
response during weathering
and the weather conditions

Figure 10—Elastic modulus versus cumulative UV radiation
dose at 320 nm.

Figure 11—Computer-controlled test apparatus (CCTA) with 18
sealant specimens and load cells mounted. Inset: Close-up of
aluminum bar and linear variable differential transformer that
provides input to the CCTA. 
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causing this response. The cyclic
fatigue is caused by the changes in
weather, and the load and deflec-
tion of each specimen is recorded
along with all weather data. Data
is collected every five minutes. 

Sealant specimens were
mounted on a CCTA capable of
holding up to 20 specimens
(Figure 11). Cyclic motion was
obtained from thermally induced
changes in dimension of an alu-
minum bar painted black (Figure
12). As the bar changed length, the
measurement was fed to a comput-
er. The computer multiplied the
measured dimensional changes to
meet the target deflections on the specimens. Limits were placed on the maximum move-
ment to ensure the strains did not exceed ±25%. The modified signal drove linear actua-
tors (stepper motors with jack screws) on the apparatus to move one of the two parallel
beams, thus applying a deflection to the specimens (Figure 13). A feedback loop to the
computer ensured that the deflection on the specimen was correct. That is, if the linear
actuator failed to apply the proper deflection, the feedback loop corrected this discrepan-
cy. The load on each specimen was measured and the deflection was either measured
directly or calculated from the measured movement of the apparatus (Figure 14).

All specimens were subjected to a standard strain test every 4 h during the exposure
to determine changes in modulus caused by temperature, RH, strain history, and degra-
dation. The standard strain test was used to determine the elastic modulus of specimens
by imposing a specific strain profile and measuring the resulting stress (Figure 15).
Each standard strain test consisted of first bringing all specimens to 0 strain for 60 s,
then imposing the strain profile
consisting of a constant rate
ramp up to 10% tensile strain, a
60-s hold, a constant rate ramp
down to 10% compressive strain,
a 60-s hold, and a constant rate
ramp back to zero strain. This
cycle was repeated to eliminate
the Mullins effect (a property of
elastomers causing a stiffer mod-
ulus measured on the first cycle
than on subsequent cycles).

Figure 12—Schematic showing (clockwise) the aluminum
bar to obtain temperature-driven dimensional change,
computer to modify the dimensional change to meet test
objectives, motor driver to control the stepper-motors in
test apparatus, the test apparatus, and the feed-back loop
to ensure that the movement is correct.

Figure 13—Nine sealant specimens and load cells mounted
on the computer-controlled test apparatus. 



Sealants

Two sealants, one low modulus and one
high modulus, were selected from the seven
different experimental sealants formulated for
these studies. The formulations were designed
to have a range of properties because the intent
of this research is to establish a protocol for
future work. The sealants were selected to give
different load deflection characteristics and
have short service lives (generally less than
three years).5-7 For the study reported here, six
specimens from the A-formulation and seven
specimens from the B-formulation were eval-
uated periodically during two years of outdoor
exposure using our standard strain test as
described above. The specimens for the two
formulations are labelled as A1, A2, A3, A4,
A5, and A6, and B1, B2, B3, B4, B5, B6, and
B7. Our industry partners prepared the speci-
mens. We did not control their manufacturing

nor did we know the specimen formulations. Therefore, we are treating them as distinct
experimental units, rather than experimental replicates.

RESULTS AND DISCUSSION

Cyclic Fatigue

To determine chemical changes (additional crosslinking or bond cleavage) in sealants
during exposure, we attempted to measure changes of physical properties as they age. We

chose this approach to avoid the diffi-
culty of directly measuring chemical
changes in situ during exposure. We
measured elastic modulus. Specimen
degradation, whether crosslinking or
bond cleavage, could be expressed as a
change in modulus of the specimens.
As specimens continue to crosslink, we
expected the modulus to increase; con-
versely, as bonds cleaved the specimen
modulus should decrease. If both
crosslinking and bond cleavage occur,
it would be difficult to determine these
changes by measuring the changes in
modulus. In addition, other factors
such as stress relaxation, strain hard-
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Figure 14—Close-up of a specimen mounted
in the test apparatus showing the stationary
beam, spacers, sealant specimen, load cell,
and the moving beam.

Figure 15—An example of the strain versus time pro-
file imposed on specimens during the standard strain
test.



ening, and Mullins effect could
affect our measurements. As we did
not know the chemistry, the measure-
ment of modulus was the first
attempt to quantify possible chemi-
cal changes in situ during the test.
Scatter in the measurement data
could also obscure changes in modu-
lus; therefore, all other sources of
experimental variability must be
identified and accounted for.
Possible sources of variability
include, but are not limited to, tem-
perature, water content, and strain
history of the specimens as well as
imposed strain rate, measurement
errors, and electronic noise.

Temperature, water content, relative humidity, and strain history of the specimens were
controlled by environmental conditions and varied with the weather. Temperature, relative
humidity, and strain history were measured and recorded. Currently, there are no means of
measuring water content, though it is believed to depend on relative humidity and strain
history. We minimized measurement and signal errors by selecting force transducers sen-
sitive to ±1.25 N (0.3 lb) and LVDTs sensitive to ±0.2 mm (0.0007 in.), shielding all sig-
nal cables, and calibrating all instrumentation. We decreased experimental error by hold-
ing controllable factors such as short-term strain history and strain rate constant. The stan-
dard strain test always used the same strain rate. We measured initial modulus on all spec-
imens prior to exposure to determine specimen-to-specimen variation.

The strain versus time profile
of the standard strain test is shown
in Figure 15 and stress response
versus time for seven B-formula-
tion specimens measured at the
beginning of the exposure is
shown in Figure 16. The plots for
most of the specimens overlap
considerably, but one is much dif-
ferent. This was our first indication
of considerable variability among
the industry-prepared specimens
within each formulation group.
Data from these two time series
(stress versus time and strain ver-
sus time) were combined to create
a stress versus strain plot for each
specimen for every test (e.g., spec-
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Figure 16—Stress response versus time of B-formulation
specimens to the standard test strain profile. Test was
performed at the beginning of outdoor exposure.

Figure 17—Stress versus strain for sealant specimen B7
for a standard test showing linear portion of the curve
used in calculating the apparent elastic modulus. The line
is a computed best-fit estimate of the slope.
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Figure 18—Stress versus strain for
sealant specimen B7 showing four con-
secutive standard tests. The first curve
shows a slightly higher maximum
stress, whereas the next three curves
are similar to each other. The line is a
computed best-fit estimate of the slope.

Figure 19—Apparent elastic modulus
calculated from (a) second standard
test versus first standard test, (b) third
standard test versus second standard
test. Data points indicating perfect
experimental replication lie along a
line having slope equal 1. Plot b shows
a tighter grouping than plot a (espe-
cially in the higher modulus B speci-
mens), indicating better replication.
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imen B7, Figure 17). This plot shows a fairly constant slope during the initial tension
phase of the standard test. A linear regression of this portion of the stress versus strain
plot was used to compute the apparent elastic modulus. Similar analyses were complet-
ed for all specimens, and elastic moduli calculated from these standard tests were less
variable than those calculated from linear portions of weather-induced stress-strain data
obtained in previous studies.5-7 Three problems were encountered in analyzing the data
from these uncontrolled tests. We could not control the initial strain, the strain rate, or
account for the Mullins Effect. We had no control over the previous stress-stress-cycles,
therefore dissimilar strain histories gave variable and often misleading measurements. 

Mullins Effect is well known to occur with viscoelastic materials such as sealants and
was previously shown to occur with these particular sealants.48,49 We characterized the
Mullins Effect on the standard strain test by conducting four successive standard tests
(Figure 18). The moduli extracted from the linear portions of the plots were different for
successive tests. Plots of the modulus of the second test versus the modulus of the first
test (E2 versus E1) and third test versus second test (E3 versus E2) were used to show
these differences (Figures 19a and 19b). Points that fall on the diagonal line indicate
exact replication. If there were no measurement errors in these experiments, points above
the line would indicate stiffening and those below the line would indicate softening of the
specimens in the subsequent test.
Comparison of the plots in Figures 19a
and 19b show a clear shift of data to
below the line, indicating softening of
specimens between tests, which is
what would be expected from the
Mullins Effect.48,49 The points above
the line are clustered close to the diag-
onal line and we attribute the points
above the line to experimental error.
There may be other factors that could
be responsible for the points above the
line, such as compressive set in the
specimens prior to the test. Additional
studies are under way to investigate
this and other possible causes for this
apparent variation. Histograms of this
comparison show slightly decreased
scatter in the data (Figure 20). The
observed change between the second
through the fourth test was small;
therefore, we are confident that two
cycles were sufficient to minimize the
Mullins effect in our data.

As we developed test methods that
took into account the Mullins Effect,
considerable differences became appar-

Figure 20—Histograms of (a) E2/E1 and (b) E3/E2.
A value of 1.0 indicates perfect experimental replica-
tion. As in Figure 10, the data indicate that tests 2
and 3 are better replicates than tests 1 and 2.
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ent among the specimens within the same formulations. The standard strain test per-
formed shortly after the specimens were placed in test showed distinct differences among
the specimens. As mentioned previously, the plot of the B specimens (Figure 16) clearly
shows that one of the specimens is different. We have no explanation for this, but it indi-
cates that we may have considerable specimen-to-specimen variability. This high vari-
ability in the specimens may make it difficult to average the data for each formulation to
calculate a material property such as modulus. To determine if specimens were statisti-
cally distinct, we performed an analysis of variance (ANOVA), and plotted confidence
intervals for all pair-wise differences between specimens. The A specimen contrasts are
seen in Figure 21a, and the B specimen contrasts are seen in Figure 21b. The horizontal
lines show a 95% confidence interval for the difference between each pair of specimens.
If that line crosses the dotted vertical line toward the left of the plot (difference = 0),
then those specimens are not significantly different. The 95% confidence limits were

computed taking into account the
number of comparisons performed, so
the 95% refers to a family-wise error
rate, not a test-wise error rate. Among
the A-formulation specimens, A1 and
A3 are not distinct. All other A speci-
mens are distinct. Among B-formula-
tion specimens, B2 and B5 are not
distinct. All other B specimens are
distinct. Box and whisker plots show
the variability in the data for the A
and B specimens (Figures 22a and
22b). Outliers are marked with a cir-
cle (determination of outliers was
done automatically by the R statisti-
cal software). The whiskers extend
the full range of the non-outlier data.
The box extends from the 25th to the
75th percentile of the non-outlier
data. The thick line indicates the
mean.

The ANOVA suggests that all our
specimens are statistically distinct.
We did not have control over the
preparation of the specimens; our
industry partners provided them. For
this reason, we did not feel it was
appropriate to pool data from multiple
specimens in our analysis. If they are
not experimental replicates, and we
cannot say with certainty that they
are, then conclusions from pooled

Figure 21—Results of multiple comparison test used
to determine whether individual specimens are statis-
tically different from each other. Horizontal bars indi-
cate 95% confidence intervals of the difference
between pairs of specimens. A difference of zero
(dashed line) indicates 95% confidence that two
specimens have the same apparent elastic modulus.
(a) depicts A-formulation specimens, (b) depicts B-
formulation specimens.
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analysis could be misleading. From this point on in the discussion, all analyses are for
individual specimen.

Temperature and relative humidity (RH) are important environmental factors for
these specimens. Therefore, we sorted the data on the basis of these factors and created
“bins” containing data that fall within a specified range of conditions (measurements
taken at similar temperature and RH). Table 1 shows the number of data points within
each bin for specimen B7. Taking the data from the fullest bin and plotting it versus time
(Figure 23), there is little we can conclude. Two periods, roughly six months apart, have
the same conditions. Within each period, the data has considerable scatter. To draw any
meaningful conclusions from this data, we will use statistical techniques.

Statistical Analysis

Statistical analysis was used to show the variability in the specimens and to determine
the relationship between weathering stressors and material degradation. Specifically, we
attempted to detect changes in
elastic modulus as the specimens
were exposed outdoors. The diffi-
culty lies in separating changes in
modulus caused by material
degradation from variation in
modulus caused by environmental
conditions. The weather did not
repeat itself, but the CCTA provid-
ed the capability to repeat standard
tests—thus eliminating initial
strain, strain rate, and Mullins
Effect as variables. The binning of
data according to specific temper-
ature and relative humidity ranges
gave sufficient data to construct a
model to explain these effects on
modulus over the range of weath-
er conditions observed during the
exposure. The model also includes
factors for energy inputs into each
specimen from UV radiation and
cumulative strain. The simplest
model to characterize these
sealants uses a linear combination
of these independent environmen-
tal factors. We recognize that there
are interactions among the factors,
particularly temperature and RH;
however, this model gives a start-
ing point. Future work will need to

Figure 22—Box and whisker plots of apparent elastic mod-
ulus for all data. (a) A–formulation specimens and (b)
B–formulation specimens. The heavy horizontal lines indi-
cate average modulus, the rectangular boxes enclose val-
ues falling between the 25th and 75th percentiles and the
whiskers indicate the range of the data excluding outliers.
Outliers are depicted as circles.
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Table 1—Number of Standard Tests Binned by Environmental Factors (Specimen B7).
Entries with 10 or More Data Points Are Displayed in Bold

be directed toward developing an understanding of other environmental factors causing
degradation and the non-linear response of these materials to those factors. 

Other investigators are working on developing constitutive models of elastomers.50-52

These models have been successful for particular materials tested under laboratory con-
ditions using viscoelastic materials having known chemistries with a limited number of
additives. It is difficult to extend these models to describe the behavior of the sealants
used in our work because the chemistry of the sealants was not known and the deflection
of the specimens varied because of the weather. 

Our initial analysis was a multiple linear regression using ordinary least squares to fit
the data53,54:

sqrt(mod) = b0 + b1*Cold + temp K*(b2+b3*Cold) + 
RH*(b4+b5*Cold) + b6*CSE + b7*CUVE + 
b8*Time + N(0,MSE)

where
• sqrt(mod) is the square root of the modulus
• b0 through b8 represent the regression coefficients
• temp K denotes the ambient temperature in Kelvins
• Cold is a {0, 1} variable, which will be 1 when the ambient air temperature is less

than 273 K
• RH denotes the relative humidity
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Table 2—Estimated Model Parameters Produced by Multiple Regression. Coefficients
That Were Not Significantly Different from Zero Have Been Omitted

• CSE denotes cumulative strain energy in joules applied to the specimen; this is a
measure of the net physical work done on the specimen through cyclic loading/
unloading

• CUVE denotes the cumulative UV energy in joules applied to the specimen
• Time denotes the exposure time in seconds
• N (0, MSE) denotes normally distributed error with a constant variance over the

range of the data

The terms for above and below 0°C are included because we have observed a change
in modulus at 0°C for many of the sealants being evaluated in this work. This is discussed
below.

This model stipulates that the shape of the response surface for these materials is a
pair of planes, one above freezing and one below freezing. Stepwise selection was used
to reduce these models by removing statistically non-significant terms. Results of this
process are summarized for each specimen (Table 2). The R2 values indicate the percent-
age of the variation in the data that the model explains. The p-values indicate how well
the model explains that variation (0.05 or lower indicates statistically significant explana-
tory power). The b0 and b1 terms are intercepts at 0 K. They are required for building the
model, but have no physical meaning independent of the model. The b2 term indicates
the change in modulus for a 1 K change in temperature when the temperature is above
freezing. The sum of b2 and b3 indicate the change in modulus for a 1 K change in tem-
perature when the ambient temperature is below freezing. The b3 term can then be inter-
preted as the additional effect of temperature below freezing. The b4 term indicates the
change in modulus for a 1% change in RH when the ambient temperature is above freez-
ing. The sum of b4 and b5 indicate the change in modulus for a 1% RH change when the
ambient temperature is below freezing. The b5 term is the additional effect of RH below
freezing. The b6 term indicates the change in modulus caused by cyclic loading. The b7
term indicates the change in modulus caused by UV degradation. The b8 term indicates
time-dependent degradation of the specimen.

Calculation of the coefficients (Table 2) was straightforward using all the data in all
the bins (Table 1; approximately 1250 tests) for a particular specimen. Using these coef-
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ficients, a modulus can be calculated for any specimen. Simply measure the required fac-
tors, multiply them by the appropriate b-coefficient, sum the result, then take the square
to predict the modulus. An example of this calculation for specimen B7 is presented in
Table 3. Some of these coefficients can be independently interpreted as rates of change.
For example, b8 gives the rate of time-dependent degradation in kPa/s. The two intercept
terms (b0, b1) lack physical meaning outside the model. The temperature and RH relat-
ed terms can be combined to compute above/below-freezing rates of change. For exam-
ple, b2 gives the rate of change with temperature above freezing in kPa/K and (b2 + b3)
gives the same for the below freezing case.

To verify that these models were functioning correctly, we checked the model predic-
tions against the mean modulus computed within a number of bins. The results are seen

in Table 4. There is a good
correspondence between
predicted modulus and
measured values. Similar
correspondence results
were obtained for other
specimens at various tem-
peratures and RHs. All of
the models had significant
p-values, indicating that
the correlation between
our data and the model did
not arise simply by chance
(Table 2). The A specimens
are not well characterized
(R2 values range between

Figure 23—Modulus versus time for specimen B7 selected for 5 ±
1.25ºC and 97.5%–100% RH. The 0 on the time axis is the date we
brought our weather station on line about five years ago. 

Table 3—Example Calculation of Initial Modulus Using the Model from Table 4 on
Specimen B7

Coefficients Terms Results

b0 5.41E+00 5.41
b1 3.92E+00 cold 0 b1* cold 0.00
b2 -1.19E-02 temp 278 b2* temp. -3.31
b3 -1.42E-02 cold-temp 0 b3* (cold*temp) 0.00
b4 -1.12E-03 RH 100 b4*RH -0.11
b5 cold*RH 0 b5* (cold*RH) 0.00
b6 CSE 0 b6*CSE 0.00
b7 -4.89E-10 CUVE 0 b7*CUVE 0.00
b8 1.10E-08 Time 104032200 b8*Time 1.15

sqrt(mod) 3.14

Predicted Modulus 9.84 kPa
Measured Modulus was 10.50 kPa

Note: The value for “time" (104032200) for the b8 corresponds to time in seconds from the beginning of
the experiment. The predicted modulus from this calculation is 9.84 kPa and the measured modulus for the
first three months of exposure is 10.50 kPa.
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0.11 and 0.38). Among the B specimens, R2 values range from 0.67 to 0.82. These R2 val-
ues indicate that the B specimens are much better characterized by these models. The Bs
appear to be more sensitive to environmental factors than the As.

This modeling effort is meant only as a first pass. We are certain that the true behavior
of these materials is non-linear. We are also certain that there are very important non-linear
interactions between environmental factors. Unfortunately, we do not yet understand the
nature of those relationships well enough to construct a better model than the one we pres-
ent here. Future effort will focus on improving the accuracy and increasing the complexity
of our models. We will work to generalize short-exposure laboratory condition models
developed by other investigators such that they can handle environmental variation and
incorporate a time-series component. However, note that the simple model could explain as
much as 80% of the behavior
of the B specimens. Most of
the specimens responded to
RH, but not all. Many speci-
mens showed a distinct differ-
ence in modulus above and
below 0°C. Figure 24 shows
this change in modulus for the
B7 specimen. 

The ability to conduct pre-
cise standard tests allowed us
to identify experimental
anomalies and take steps to
correct them or to eliminate
the data from the data set.
Changes in elastic modulus

Figure 24—Modulus versus temperature for specimen B7
selected for 97.5%–100% RH, with lines showing predicted val-
ues above and below freezing. Note that the best-fit slope is not
identical above/below 0ºC.

Table 4—Comparison of Model Output and Date Mean in Selected Bins for Specimen B7
and Specimen A6

Predicted Modulus Predicted Modulus % Error
Specimen Temp (oC) RH (%) N (kPa) (kPa)

A6 –2.5 95 17 6.3 6.24 0.96
A6 0 95 21 6.25 6.22 0.55
A6 0 100 35 6.22 6.26 –0.54
A6 5 95 19 6.32 6.35 –0.54
A6 10 55 10 6.38 6.36 0.3
B7 –2.5 95 17 11.29 11.15 1.26
B7 0 95 21 11.07 11.02 0.48
B7 0 100 35 11.09 11.49 –3.48
B7 5 95 19 10.53 10.58 –0.43
B7 10 55 9 10.31 10.13 1.8

Both the “measured” and the “predicted” refer to whole-exposure averages.
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caused by weathering have been detected and can be partially explained in terms of ener-
gy flux into the specimen from cyclic UV exposure and loading/unloading (Table 2,
columns b6 and b7). There is some residual correlation with exposure time (Table 2, col-
umn b8) even after strain and UV energy inputs are considered. It is our belief that once
a sufficient dose/damage relationship is found, we will be able to eliminate time and
account for the degradation in terms of the energy input into the specimens and the envi-
ronmental factors.

Though improvements have been made in our data analysis, further improvement may
be possible by increasing the speed of measurement. The current system has a maximum
measurement rate of 5.3 measurements/ specimen/second for 18 specimens in the appa-
ratus. We plan to install a new faster data acquisition and control system. This system has
an accurate electronic pulse generator that will improve the timing of step commands to
the motors. This will increase the linearity of the standard test strain ramp-up and
improve reproducibility of the tests. The new system will be capable of measuring load
and displacement hundreds of times per second. Faster measurement means more data
points can be taken during the standard strain test and used for calculating modulus.
Together, the fast accurate pulse generator and the high data acquisition rate will allow
modification of the standard test to incorporate a higher rate of strain ramp-up. Faster
strain application decreases the amount of relaxation during a test, resulting in less vis-
cous and more elastic response of the elastomeric specimens. These improvements are
expected to decrease variability of the calculated modulus, enabling detection of smaller
material changes caused by environmental conditions and weathering.

CONCLUSIONS

We have shown that data collected from the CCTA can be used to develop models to
help us to understand the effects of temperature, RH, cyclic fatigue, and UV exposure.
Based on these models, we can make statements about the rate of degradation for given
doses of UV or cyclic loading. This is a promising first step on the path toward under-
standing the factors that cause these specimens to age.

We have demonstrated that the response of sealants and the weather-causing cyclic
movement can be monitored continuously. From our earlier studies, measurement of load
and deflection during this cyclic movement could be used to determine the elastic mod-
ulus; however, a controlled standard test using the computer-controlled CCTA gave much
better results. The standard strain test made it possible to evaluate specimen quality at the
beginning of the test and to determine the variability in a group of replicate specimens.
The data from the standard test were used to construct a model to evaluate the effect of
temperature and relative humidity on the elastic modulus. As one would expect from
these viscoelastic sealant materials, the elastic modulus was dependent on temperature
and RH, and we were able to detect changes in modulus as the specimens aged. A plot of
elastic modulus versus temperature showed a change in modulus at 0°C, indicating a
change in the plasticizing effect of moisture above and below freezing.
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INTRODUCTION

Polycarbonate (PC) is an attractive material for many glazing applications because of
its low weight compared with glass, and high impact resistance compared with other trans-
parent polymers. Polycarbonate glazing usually is coated to impart weatherability and
scratch resistance. Early abrasion-resistant coatings lacked UV absorbers and failed by
delamination after about 12 months of 45° south exposure in Florida. The highest perform-
ing wet coatings consist of UV absorbers co-polymerized with a silicone/colloidal silica
nanocomposite. Such first generation silicone hardcoats (SHC) typically would weather in
Florida for three to five years before the underlying PC began to turn visibly yellow and
the coating would delaminate. Some coating formulations also were subject to
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Weatherable, abrasion-resistant coatings can be applied to polycarbonate to
make them suitable for many glazing applications. An additional highly abra-
sion-resistant layer can be applied using an expanding argon plasma and sili-
cone precursors to make polycarbonate suitable for many automotive glazing
applications that also demand 10-year weatherability. Predictions for Miami
weathering performance were made from xenon arc exposures. Analysis of the
spectral power distributions of Florida sunlight and xenon arc lamps suggested
that approximately 3700 kJ/m2/nm at 340 nm of borosilicate-filtered xenon arc
would give a UV dose equal to a year in Miami in the range of 290 to 350 nm,
the critical range for polycarbonate. The higher temperature of xenon arc con-
ditions reduces this correlation to approximately 3000 kJ/m2/nm at 340 nm for
clear PC and 2500 kJ/m2/nm at 340 nm for darker, “privacy” color PC. We
predict about eight years 45° south or horizontal Florida lifetime for a clear
system with a 7 μm UV-blocking layer, and about 10 years for an 8 μm layer.
Privacy grades absorb more light and get warmer, reducing the delamination
lifetimes by about 20%. We can accelerate weathering by an additional factor
of 1.9 by moving clear samples 4 in. (10 cm) closer to the xenon arc lamp in
our weathering device. Microcracking can be accelerated by exposure under
applied strain, but the more advanced silicone hardcoat + plasma system still
does not microcrack before delamination at even 0.6% strain.



microcracking after 18 months to two years of Florida exposure. The stability of the UV
absorber was found to be the limiting factor, and a second generation SHC with an
improved UV absorber lasts at least six years in Florida without delamination at a 5 μm
thickness. These coatings typically have sufficient scratch resistance for architectural glaz-
ing with Taber haze values of approximately 10–15% after 500 cycles under a 100 g load. 

Automotive glazing applications for side and rear windows have more stringent abra-
sion resistance requirements: < 2% haze after 1000 cycles of the Taber abrasion test.1

Such abrasion resistance is difficult to achieve in a wet coating while maintaining other
properties. One solution is to apply a glass-like layer on the SHC by a plasma-enhanced
chemical vapor deposition (PECVD) process. Exatec, LLC was created as a joint venture
by the General Electric Company and Bayer to develop and license technology for apply-
ing such highly abrasion-resistant coatings onto PC for automotive glazing applications.*
Such coatings meet all the physical property requirements of the ANSI standard1 for side
and rear windows. However, the weathering lifetime of these coatings must be estab-
lished. Since 7–10 years of outdoor weathering cannot be obtained in less than 7–10
years, we must rely on accelerated tests.

The coating matrices themselves are quite resistant toward weathering since they are
composed of silicones and silica. The UV absorber is subject to slow photodegradation,2

and this can lead to cracking of the coating. In addition, the UV transmitted by the coat-
ing causes photooxidation of the PC surface, resulting in yellowing and eventually caus-
ing enough loss of molecular weight to allow delamination near the coating/PC interface.
The delamination lifetime of the coating is determined by the initial UV transmission of
the coating, the rate of UV absorber loss, and the amount of transmitted UV dose required
to sufficiently damage the PC surface.3 The surface degradation can affect physical prop-
erties as well. Nichols and Peters have reported the changes in mechanical properties of
a hardcoated polycarbonate after xenon arc weathering.4

Accelerated weathering has a checkered reputation for reliability, and lifetime predic-
tions must be made very cautiously. Bauer has made a rational analysis of acceleration
factors for coating testing,5,6 taking into account UV, temperature, and moisture effects
on typical automotive coatings. His analysis suggested that the SAE J1960 cycle using
borosilicate-filtered xenon arc exposure (0.55 W/m2/nm at 340 nm, 2 h light/1 h dark)
should be a 4.5× acceleration over Florida exposure in terms of UV dose. One year of
operation of such a cycle applies 11,564 kJ/m2/nm at 340 nm, implying that 2570
kJ/m2/nm at 340 nm is the equivalent of one year Florida exposure. He points out that the
unnatural spectral distribution of the borosilicate-filtered xenon arc can accelerate differ-
ent materials to different degrees. Seasonal average daily high temperatures were used to
adjust for temperature effects. His predicted acceleration factors for UV absorber loss,
acrylic coatings, and aromatic ester coatings closely matched experimental data.
Recently, we have had some success in developing accelerated weathering protocols that
predict color shifts and gloss retention for engineering thermoplastics.7,8 Our experience
with SHC-coated PC led us to believe that we could make rational lifetime predictions
for plasma-coated materials.
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There are several principles we can apply to strive for predictive testing. First, we rec-
ognize that weathering is the result of a complex interaction among any number of environ-
mental variables, but primarily sunlight, temperature, and moisture. Since the interactions
are difficult to predict, successful accelerated testing will simulate as many of these vari-
ables as realistically as possible. Second, all variables cannot be applied at natural levels,
or no acceleration will result. Something, usually the light dose rate, must be increased. It
should be known that increasing the environmental stress does not result in gross changes
in the degradation or failure mechanisms. Third, the stresses must be applied rationally; that
is, the degree of acceleration should be predictable. It does no good to devise a test if one
does not have a good estimate of the correlation before all the outdoor data come in. This
can come from both the rationality of the test design and experience with exposing similar
materials under similar conditions. Of course, “similar” is a vague term, and this adds risk
to the lifetime prediction of new products. Finally, a good test must be acceptable to all par-
ties and preferably be run on generally available equipment.

The approach of environmental simulation cannot be successful without considerable
understanding of the effects of individual stresses and their interactions on a material.
Test design, interpretation of results, and confidence in the results are made possible by
controlled experiments showing that a material obeys reciprocity (that the degradation
rate varies linearly with light intensity), finding the activation energy (effect of tempera-
ture on degradation rate), investigating the effects of moisture and humidity, etc. There is
always risk in applying knowledge of simple materials to a final product. Real products
usually are articles composed of several materials to give the desired properties, and
weatherability is really a system property, not a material property. While knowledge of
individual material performance greatly aids the design of weatherable systems and their
testing, final products must always be exposed to conditions as close to the end use envi-
ronment as possible to see how the components work together.

One goal of this work was to determine whether our accelerated weathering exposure
conditions were likely to be predictive for plasma-deposited abrasion layers on weather-
able silicone hardcoats. Secondly, since we were expecting that at least one year of accel-
erated exposure would be required to cause failure, we sought methods for further accel-
erating the weathering process to determine more quickly if future compositional or
process changes might affect the weathering performance of the product.

EXPERIMENTAL SECTION

Samples

Unless otherwise specified, the samples in this study were prepared at Exatec, LLC in
Wixom, MI. Injection molded panels of either clear (92% transmission) or privacy color
(17% transmission) PC measuring 73 cm x 73 cm x 4 mm were flow coated with either
the first or second generation silicone hardcoat (SHC) after application of the appropri-
ate acrylic primer. These coatings were prepared at different pH and have different UV
absorbers. The coatings had thicknesses of approximately 5 μm near the top, 7 μm in the
middle, and 8.3 μm near the bottom of the panels. The tops deliberately were made thin-
ner than specification for optimal weathering to test a wide range of thicknesses. Some
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panels of each color and SHC type were passed through an expanding argon plasma reac-
tor and received approximately 3 μm of silica-like overcoat from a silicone precursor
using an Exatec proprietary process. Sample coupons were cut from top, middle, and bot-
tom sections for weathering studies. The complete sample set therefore contained 24
unique combinations: two colors, two wetcoats, with and without plasma overcoat, and
three wetcoat thicknesses (2 x 2 x 2 x 3).

Weathering Conditions

The samples were exposed at GE Global Research in Atlas Ci35a Xenon Arc Weather-
Ometers according to the conditions in Table 1. The “CRD”* conditions were originally
devised to provide approximately one Florida day’s worth of light followed by a brief
dark cool-down and a dark water spray. This gives one wet period and temperature cycle
per simulated “day.” The irradiance was increased to as high as possible while maintain-
ing temperature control and reasonable lamp lifetime. The “Gmod” conditions are a mod-
ification of ASTM G155 Cycle 19 (prev. ASTM G26 Method A) with the irradiance
increased to achieve maximum acceleration while maintaining temperature control. It is
also similar to ISO 4892-2A. (Workers at Exatec have found that the larger Atlas Ci5000
Weather-Ometers must be run at lower humidity and higher temperature at this irradiance
setting.) All exposures in this work are expressed in units of kJ/m2/nm measured at 340
nm. For brevity, this will be expressed simply as kJ/m2 in the text.

The higher irradiance experiments were run under “Gmod” conditions with the spray
nozzles moved several inches closer to the lamp. Sample holders were designed to hang
on the inside center ring of the rack either 6.35 cm (2.5 in.) or 10.16 cm (4 in.) closer to
the lamp than the normal sample position. Samples on these racks were calculated to
receive 1.5x and 2x higher irradiance than those in the normal sample position. Radiant
energy measurement at these positions is reported for the radiometer calibrated at the nor-
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*“CRD” stands for “Corporate Research and Development,” the former name of GE Global Research.

Table 1—Settings for the Accelerated Weathering Exposure Conditions

“CRD” “Gmod”

Instrument ............................................... Ci35a Ci35aa

Irradiance (W/m2/nm@340 nm) .............. 0.77 0.75
Light (min) ............................................... 160 102
Dark/dry (min) ......................................... 5 —
Dark/spray (min)...................................... 15 —
Light/spray (min)...................................... — 18
Black panel temp. (°C) ............................ 70 65
Dry bulb temp. (°C) ................................. 45 40
RH (%) .................................................... 50 50
Inner filter ................................................ Type S boro Type S boro
Outer filter ............................................... Type S boro Type S boro

kJ/m2/h at 340 nm ................................... 2.46 2.70

(a)  Originally an Hi35a (3-Sun) retrofitted to be identical to a Ci35a.



mal sample position—that is, not reflecting the higher irradiance of the nearer position.
Humidity experiments were performed by placing samples in sealed aluminum cham-

bers with quartz front windows. The chambers contained either calcium sulfate (Drierite)
desiccant or water to maintain ~0% and 100% relative humidity, respectively. Chambers
were placed on the bottom rack of a Weather-Ometer under “CRD” conditions. The sam-
ple surface temperature was found to be 75°C. Samples were removed for inspection at
approximately two week intervals.

The applied strain experiments were performed on 4.3 cm x 13 cm samples cut from
near the bottom of the coated panels. The edges of the samples were smoothed with fine-
grit sandpaper to minimize crack initiation. The samples were mounted three across in
four-point strain jigs designed by Michael Takemori of GE Global Research as a modifi-
cation of an earlier three-point design by Don LeGrand.10 A schematic side view is shown
in Figure 1. The jigs were mounted on the bottom tier of the sample rack with the con-
vex side facing the lamp. Samples were tested at 0%, 0.3%, 0.4%, and 0.6% strain, which
was adjusted by screwing down the end rods to different degrees. Strain for cracking at
zero exposure was determined by applying a strain to samples, exposing them backwards
in the Weather-Ometer for 24 h, and checking for cracking. If no cracking was observed,
the strain was increased by 0.1% and the procedure repeated until cracking occurred. In
this way, the samples saw the same additional strain that might occur during temperature
cycling as the other strained samples.

Sample Analysis

Color measurements were made on a GretagMacbeth ColorEye 7000A spectrometer
in transmission mode using the CIE color scale and yellowness index as defined by
ASTM D 1925. Delamination was defined as when the first visible bits of coating spon-
taneously detached from the surface. Microcracking failure was defined as when defects
progressed from points to visible cracks when illuminated from the back and viewed
against a dark background.

RESULTS AND DISCUSSION

Expectations for Correlations

The xenon arc light source provides a broad continuum of light that can be filtered to
make an approximation to sunlight. Water-cooled xenon arc lamps have concentric inner
and outer filters of various types. Figure 2 shows the spectral power distributions for
Miami sunlight and three common combinations of filters used in xenon arc weathering
equipment, all normalized to equal energy at 340 nm. It is apparent that the
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Figure 1—Schematic side view of four-point strain jig.



quartz/borosilicate combination has excessive energy at wavelengths < 300 nm compared
to natural sunlight. This is the combination specified in the original SAE J1960 automo-
tive exterior weathering protocol. The combination of borosilicate inner and outer filters
has an overall good approximation to sunlight with a slight excess of energy at wave-
lengths < 300 nm. The CIRA (quartz with an IR-reflecting coating)/soda lime combina-
tion has a good cutoff at 300 nm, but is slightly deficient in the wavelengths between 300
and 340 nm. All of the xenon sources have excess energy in the range of 340 to 400 nm
compared with sunlight. (Energy of sunlight in this range is attenuated by absorption due
to metals in the sun’s atmosphere.)

In order to derive an acceleration factor for xenon arc exposure, one must know how
long it takes to apply the same number of photons in some critical wavelength range com-
pared to outdoors. Unfortunately, because the spectral power distribution of no available
xenon arc source exactly matches sunlight, there is no single answer to the question.
Long-term measurements in Miami of broad-band UV show that the average annual dose
of radiation received by a sample facing south at a 45° angle is 280 MJ/m2 in the wave-
length range of 295–385 nm.11 We can normalize the Florida spectral power distribution
shown in Figure 2 and integrate it to give the annual UV doses through various wave-
length ranges shown in Table 2. Xenon arc weathering commonly is monitored using a
radiometer with a narrow band pass filter centered at 340 nm. Table 2 shows the xenon
arc dose measured at 340 nm that gives an equivalent total exposure over each wave-
length range calculated from the spectral power distributions shown in Figure 2. For
example, to apply 280 MJ/m2 at wavelengths < 385 nm requires 3194 kJ/m2 of Q/B
xenon exposure, 3269 kJ/m2 of B/B, or 3495 kJ/m2 of CIRA/SL exposure measured at
340 nm. (These values differ somewhat from those of Bauer,5 who may have used a
wavelength range < 385 nm for outdoor UV and < 400 nm for xenon arc for his calcula-
tions.) These would be the correlation factors for xenon arc to Florida if one were con-
cerned about this wavelength range, there was uniform acceleration at all wavelengths,
and there were no temperature effects. However, Table 2 shows that the correlation is dif-

ferent if one chooses a differ-
ent wavelength range. Quite
simply, there is no single
answer for what the correla-
tion between xenon arc and
Florida should be based on
the spectral power distribu-
tion of the light source. Since
most polymers have sensitivi-
ties that extend through at
least 360 nm,12 somewhere
between 3000 and 4000 kJ/m2

at 340 nm of xenon arc expo-
sure should give about the
same UV dose as one year in
Florida. (Rigorously, the
analysis should be number of
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Figure 2—Spectral power distributions of Miami sunlight and a
xenon arc lamp equipped with quartz/borosilicate (Q/B), borosil-
icate/borosilicate (B/B), and CIRA/soda lime glass (CIRA/SL)
filters. Data from Atlas Material Testing Technology, LLC.



photons, but the results are almost identical, and measurements usually are made in terms
of energy.)

Polycarbonate is known to be extremely sensitive to UV with wavelengths < 300
nm.13 For this reason, we found the CIRA/soda lime filter combination to be most pre-
dictive for uncoated PC.7,8 However, the UV absorber in the silicone hardcoats, especial-
ly the second generation absorber, very effectively blocks UV < 300 nm. Since the
borosilicate/borosilicate filter combination has the overall best match to sunlight, we set-
tled on that combination for the testing of UV-blocking coatings. The sensitivity of PC
extends to about 350 nm, so approximately 3700 kJ/m2 of B/B xenon arc should be the
equivalent to one Florida year of UV. This is consistent with the results we obtained for
CIRA/soda lime exposure of uncoated samples.7,8 We do not recommend using the
quartz/borosilicate filter combination because of its very high output < 300 nm. We have
found that the light intensity can be increased for PC without having the degradation rate
deviate from linearity.14

Temperature Effects

A second important factor is temperature. We have found that the activation energy
for PC photodegradation is 4±1 kcal/mol.14 From the Arrhenius law, this results in a rate
increase of approximately 25% for each 10°C temperature increase. Temperatures in
xenon arc weathering chambers cannot be set at will for all irradiance levels because of
inherent limitations of the devices. The average daily high air temperature at a Miami test
site is approximately 30°C while the average daily high black panel temperature is
46°C.15 Typical accelerated weathering conditions have air temperatures > 40°C and
black panel temperatures > 65°C. We would therefore expect PC photodegradation to be
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Table 2—Calculations Showing the Integrated Annual Radiant Energy Through Various
Wavelength Ranges in Florida and the Xenon Arc Dose (Measured at 340 nm) Required to
Deliver the Same Amount of Energy Through that Wavelength Range

Equivalent Xenon Dose Measured 
Wavelength Range Florida Total at 340 nm (kJ/m2/nm)

(nm) MJ/m2 Q/B B/B CIRA/SL

< 300 ....................... 0.35 117 562 3293
< 310 ....................... 5.84 857 2375 5969
< 320 ....................... 22.9 1812 3556 5663
< 330 ....................... 52.3 2569 4030 5201
< 340 ....................... 87.3 2938 3967 4593
< 350 ....................... 124 3058 3730 4104
< 360 ....................... 163 3107 3528 3783
< 370 ....................... 212 3205 3453 3653
< 380 ....................... 260 3236 3360 3530
< 385 ....................... 280 3194 3269 3495
< 400 ....................... 359 3179 3138 3285
< 450 ....................... 779 3843 3578 3727
< 500 ....................... 1286 3974 3591 3760
< 600 ....................... 2228 4236 3735 3878
< 700 ....................... 3049 4230 3681 3822
< 800 ....................... 3691 4128 3542 3708



accelerated at least 25% over Florida ambient, thereby reducing the expected correlation
from approximately 3700 kJ/m2 to around 3000 kJ/m2 or less. 

Better estimates can be made from actual measured temperatures. Thermocouples
were attached to the exposed surface of dummy samples using a small dab of silicone
adhesive. The samples had surface temperatures as shown in Table 3. These values are
surprisingly difficult to measure reproducibly and vary by several degrees in different
locations within the instrument. They should therefore be considered as rough guides. 

To get a better estimate of outdoor temperatures, we compiled hourly-parsed tempera-
ture and irradiance data for all of 2005 at an Arizona exposure site (kindly provided by Joe
Robbins of Arizona Desert Testing, LLC). Using a 5 kcal/mol activation energy, irradi-
ance-weighted “effective temperatures” for ambient and a black panel could be deter-
mined using a cumulative damage model, and are 30°C and 42°C, respectively. Details
will be published elsewhere. Since there is more damage when the samples are exposed
hot and less when they are exposed cool, these are the constant temperatures at which the
same amount of damage is accumulated as over a year of natural temperature variations
from the same light dose. Note that these values are not much different from the average
daily high ambient and black panel temperatures as used by Bauer.5 Compiled data show
that the average daily high ambient and black panel temperatures are nearly the same for
Florida and Arizona,15 so one expects the effective temperatures to be about the same as
well. To a first approximation, clear PC should be a few degrees warmer than ambient
while the privacy color will be a few degrees cooler than the black panel. This gives the
estimated effective temperatures shown in Table 3. We are now in the process of determin-
ing experimentally effective temperatures in Arizona for clear and colored PC panels.

The Weather-Ometer temperatures are considerably higher than the effective temper-
atures outdoors. Considering the activation energy for PC, the thermal “over-accelera-
tion” for the CRD and Gmod test conditions should be about as shown in Table 3. This
reduces the correlation of xenon arc under Gmod conditions to Florida for PC from the
estimated 3700 kJ/m2 per year for no thermal effect to roughly 2300 kJ/m2 for privacy
and 2850 kJ/m2 for clear. If the activation energy is 4 kcal/mol, these correlations would
be 2500 and 3100 kJ/m2, respectively.

Experience with Similar Coatings

We have been testing coatings under CRD xenon arc conditions since 1990 and have
accumulated considerable laboratory and outdoor data on coated clear PC. These are
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Table 3—Measured Temperatures of Samples on the Middle Tier Under the Exposure
Conditions as Shown in Table 1a

Estimated FL/AZ CRD Gmod

Color (°C) (°C) Acceleration (°C) Acceleration

Privacy ............40 66 1.8× 60 1.6×
Clear ...............32 48 1.5× 42 1.3×

(a) The estimated Florida/Arizona effective temperatures were determined as described in the text. The acceleration over
Florida/Arizona was calculated using an activation energy of 5 kcal/mol.



compiled in Table 4, assuming a correlation of 2800–3000 kJ/m2 to one year in Florida.
Samples were exposed at commercial test sites near Miami, facing south at angles of
either 5° or 45°. There should be only a 10% difference between the two angles, which
is not significant in this experiment. One sees that the predicted failure times agree quite
well with what was found for all coating types. In particular, the premature adhesion fail-
ure of an otherwise promising prototype SHC was predicted as well as the failure modes
of a UV-cured acrylic, which generated haze rather than delaminating. In fact, we have
never seen a failure mode for hardcoated PC in Florida that was not anticipated by
borosilicate/borosilicate-filtered xenon arc exposure. Since the plasma-on-second gener-
ation SHC is chemistry very similar to examples in Table 4, we have confidence that
xenon arc will be similarly predictive in this case as well.

Most of our fundamental work on PC photodegradation has been on cosmetic proper-
ties such as yellowing and gloss loss. A legitimate question is whether this information is
relevant to coated PC. Unpublished work in our laboratories has shown that changes in
the molecular weight distribution of thin PC films are linearly correlated to changes in
yellowness. The activation energies for yellowing and gloss loss in PC are both 3–5
kcal/mol. This makes it likely that the chemistry leading to yellow products is closely
related to the chemistry that causes chain scission and crosslinking. The latter processes
are responsible for the surface degradation that results in coating delamination, and pre-
liminary work in our lab shows a similar activation energy for delamination of silicone
hardcoats. Physical failure in the coating, by cracking for example, is an independent
phenomenon, and we have much less information about how environmental variables
affect it. Results below show that relatively subtle differences in test conditions do cause
differences in cracking times for some of these coatings. However, the empirical results
in Table 4 show that, in general, cracking in Florida exposures is predicted by cracking
observed in xenon arc exposures.
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Table 4—Years To Delamination and Microcracking Found Upon Exposure Near Miami, FL,
for Various Coatings on Clear Polycarbonatea

Delamination Microcracking

Coating Predicted Found Predicted Found

UV-cured acrylic  . . . . . . . . . . . . . . . . . . . . . . . >4 >3b 2–3 >3b

Prototype SHCc  . . . . . . . . . . . . . . . . . . . . . . . 1 1 — —
1st generation silicone hardcoat . . . . . . . . . . . 5 4–5 1.5–2 1.5–2
Thin 1st generation silicone hardcoatd  . . . . . . 2–3 2–3
Exatec plasma on 1st generation SHC  . . . . . 6 4.5+ 4–5 4.5e

Exatec plasma on thin 1st generation SHCd  . 2.5 2
Margard MR-5 silicone hardcoat  . . . . . . . . . . 4–5 3–5 3–4 3–5
Thin MR-5d  . . . . . . . . . . . . . . . . . . . . . . . . . . . 2–3 2–3
Modified 1st generation silicone hardcoat  . . . 3.5–6 4.5–5e 2–3 1.5–2.5
2nd generation silicone hardcoat  . . . . . . . . . . 6–8 5.5e 5 5–5.5

(a) Prediction based on CRD xenon arc conditions and assuming 2800–3000 kJ/m2 equals one year of Miami exposure.
(b) Terminated at 3. Predict increase haze ~3, find increased haze at 3.
(c) Xenon arc predicted premature loss of tape adhesion; seen in Florida.
(d) Coating purposely made thinner than optimal will result in these lower lifetimes.
(e) Indicates ongoing test.



Effect of Exposure Conditions on Weathering Lifetimes

The two exposure conditions shown in Table 1 can be used to determine whether or
not the coating is very sensitive to minor changes in the environmental variables. Figure
3 shows a plot of delamination and microcrack times for the set of 24 samples exposed
under CRD and Gmod conditions. Delamination times are nearly identical under the two
test conditions. By contrast, microcracking usually is faster under the Gmod conditions.
Gmod conditions are actually set a little cooler than the CRD conditions, but the water
spray is more frequent. In addition, since the water spray occurs during the light cycle,
the air temperature rises to nearly the black panel temperature during the spray period.
The combination of frequent very hot and wet periods may cause the earlier microcrack-
ing. Such simultaneous very hot and 100% relative humidity exposure is unlikely to
occur very often in real service conditions. In any case, as we will see below, none of the
samples of the plasma overcoat on 2nd generation SHC microcracked under either con-
dition, making this issue moot for the coating system in which we have the most interest.

Reproducibility of Results

A set of samples prepared by Michael Mercedes in a developmental reactor at GE
Global Research was exposed under CRD conditions. These were coated with the 2nd
generation SHC on both sides but with the plasma overcoat applied to only one side. The
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Figure 3— Failure times (kJ/m2)
for microcracking and delamina-
tion of 2nd generation SHC with
and without plasma overcoat
under the two exposure conditions.
(The dashed line is at slope = 1 as
a guide for the eye.)

Figure 4—Exposure of clear PC with
the 2nd generation silicone hardcoat
with and without the plasma over-
coat.
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Table 5—Results of Reproducibility Study on 2nd Generation SHC With and Without a
Plasma Overcoata

Delamination Microcracking

mean std. dev. mean (n=6) std. dev.

SHC only (n=6)..................24,500 1900 18,100 0
SHC + plasma (n=6) .........25,600 1300 not observed —

(a) Failure times are in kJ/m2/nm at 340 nm under CRD xenon arc conditions.

Figure 5— Delamination and micro-
crack times of the 1st generation
SHC with and without the plasma
overcoat. Both PC colors, three SHC
thicknesses, both test conditions. The
dashed line is the least squares best
fit for the delamination data.

overcoat was applied in various thicknesses and at several angles. Six of those samples
were cut in half and exposed on either the SHC-only or the SHC + plasma sides. The
weathering results as evidenced by yellowing are shown in Figure 4. One sees that the
yellowing is identical for all samples. Delamination and microcracking results are shown
in Table 5. The reproducibility of the results is excellent.

Effect of Plasma Overcoat on Weathering

The delamination and microcracking failure times from both exposure conditions for
the 1st generation SHC with and without the plasma overcoat are shown in Figure 5. One
sees that the plasma overcoat has a small positive effect on the delamination lifetime. The
effect is dramatic on microcracking. Most of the non-plasma samples microcracked
around 6,000 kJ/m2 of exposure while the plasma-treated samples generally microc-
racked near the delamination times, if they cracked at all. By contrast, Figure 6 shows
that delamination times of the 2nd generation SHC seem little affected by the plasma
overcoat. While many of the non-plasma samples microcracked, none of the plasma-
treated samples has exhibited any cracking prior to delamination. 

Humidity Effects

Samples cut from the top portions of clear panels coated with 2nd generation SHC
with and without plasma overcoats were placed in closed chambers having quartz win-
dows. One chamber was kept dry using calcium sulfate (Drierite) while the other was
maintained at 100% relative humidity. Because the chambers acted as greenhouses, the
sample temperatures were all 75°C. The samples in the dry and wet chambers delaminat-



ed within one check point of each other. No unusual cracking was noted. We have
observed unusual blistering and delamination failures when samples saturated with water
at 65°C or hotter are very rapidly cooled after a moderate amount of weathering, but this
is extremely unlikely to occur under natural conditions. We conclude that humidity has
little or no effect on coating lifetime.

Higher Acceleration: Increased Irradiance

The best coatings have lasted over one year of xenon arc exposure under high irradi-
ance conditions. The only way to accelerate delamination times is by increased light
intensity, but the Ci35a Weather-Ometers have a practical limit to light intensity for rea-
sons of lamp wattage, lamp lifetime, and temperature control. One solution is to move
samples closer to the lamps. Transparent PC samples can be moved closer without much
temperature increase since they absorb very little visible or infrared radiation. The meas-
ured temperature on the surface of an unbacked clear sample at 4 in. offset was 48°C
compared with 42°C at its normal position. 

It was not immediately obvious to us that a line source such as a xenon arc lamp would
obey the inverse square rule for distance and light intensity. A model was constructed
assuming uniform output over the length of the lamp and that each point of the lamp obeyed
the inverse square law. The results are shown in Figure 7 for the sample full back (12.25
in. from the lamp center) and offset 2.5 in. and 4 in. closer. The results show we can expect
fairly uniform 1.5x light intensity for samples 2.5 in. closer to the lamp and approximately
2x intensity for samples 4 in. closer with about ± 5% center to top/bottom variation. 
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Figure 6—Delamination and microc-
rack times of the 2nd generation
SHC with and without the plasma
overcoat. Both PC colors, three SHC
thicknesses, both test conditions. The
dashed line is at slope = 1 as a
guide for the eye.

Figure 7—Model showing uniformity
of light intensity on a sample holder
at normal position in the center rack
and offset 2.5 in. and 4 in. closer to
the lamp.
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Clear samples (two SHCs, with/without plasma, three thicknesses) were exposed in
the normal position and at the two offset positions. Typical yellowing results and data
treatment are shown in Figure 8. The rates are clearly faster for the offsets (1.5x, 2x), but
the non-linear data make it difficult to define a rate. The abscissas (X axis) of these data
sets can be multiplied by shift factors to cause the data to superpose on the 1x set. These
shift factors are the relative rates. If the data could not be superposed, no single number
could define the relative rate. This is a very robust method of determining relative
rates.16,17 We see in this case that the relative rates are 1.40 and 1.85, slightly less than
the expected 1.5 and 2.0. Relative yellowing rates, delamination, and microcrack times
were determined for all of the clear samples, and the results are shown in Table 6.

Table 6 shows that the samples moved closer to the lamp underwent degradation
measured by yellowing, delamination, and microcracking at approximately 90% of the

Table 6—Rates of Yellowing, Delamination, and Microcracking Times for Samples Exposed
2.5 in. and 4 in. Closer to the Lamp Relative to Samples Exposed at Normal Distance. The
Expected Rate Increases were 1.5x  and 2.0x, Respectively

2.5 in. Offset 4 in. Offset

Yellowing Delam Microcrack Yellowing Delam Microcrack

1st Generation SHC top 1.40 1.39 1.85 1.83
mid. 1.40 1.51 1.90 1.95 1.83
bot. 1.40 1.39 1.09 1.80 2.13 1.63

1st Generation SHC + plasma top 1.30 1.31 1.80 1.50
mid. 1.35 1.40 1.70 1.99
bot. 1.40 1.39 1.64 1.80 2.05 1.86

2nd Generation SHC top 1.25 1.18 1.60 1.69
mid. 1.37 1.39 1.35 1.65 1.88 2.11
bot. 1.50 1.50 1.20 2.00 2.43 1.80

2nd Generation SHC + plasma top 1.35 1.28 1.75 1.87
mid. 1.35 1.33 1.70 1.86
bot. 1.50 1.47 2.00 2.23

Mean 1.38 1.37 1.36 1.80 1.95 1.87
Std. dev. 0.07 0.09 0.23 0.13 0.25 0.16

Figure 8— Yellowing results for the 1st generation SHC without plasma overcoat. The abscissas of the
1.5× and 2× samples were multiplied by the shift factors shown in the right graph legend to cause the
data to superpose on the 1× data set. These shift factors are the relative rates of yellowing.
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Figure 9— Effect of applied strain on
microcracking for the 1st generation
hardcoat with and without plasma
overcoat.

expected rate increase. The ratio of the two offset rates comes out to be very close to the
expected 1.33 (2/1.5). No unusual failure mechanism was observed for the samples clos-
er to the lamp. Therefore, it appears that the samples can be moved 4 in. closer and
achieve a 1.8- to 1.9-fold increase in weathering rate. This reduces typical test time to
delamination failure to about 5000 h (seven months)—better than the 12–13 months oth-
erwise required.

Higher Acceleration: Applied Strain

Many silicone hardcoats fail by cracking when the coating has degraded such that the
stresses caused by temperature cycling exceed the tensile strength of the coating. This
can be accelerated by applying a strain to the samples during weathering.10 The results
for this coating series are shown in Figures 9 and 10. The plasma overcoat increases the
initial strain to microcrack for both the 1st and 2nd generation hardcoats. Indeed, the 2nd
generation coating exhibited no microcracking before delamination, even at 0.6% strain.
Strain has a minor effect on delamination times as shown in Figure 11.

The value of this technique is the ability to test how minor changes made to the sub-
strate, coating formulation, or process might affect weathering in a timely manner. We are
investigating microcrack behavior of the 2nd generation coating at higher strains. At 1%

Figure 10— Effect of applied
strain on microcracking for the
2nd generation hardcoat with
and without plasma overcoat.
The samples with the plasma
overcoat showed no microcrack-
ing before delamination failure at
22,000 kJ exposure.
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Table 7—Delamination Times (kJ/m2) for 2nd Generation Coatings on Clear PC Under
Xenon Arc Exposure Conditions

Position SHC Thickness (μμm) CRD Gmod

No plasma Topa 4.9 11,600 11,400
Middlea 7.1 23,800 19,300
Bottom 8.3 28,600 30,400

Plasma Topa 4.9 9,500 10,800
Middlea 7.1 23,800 23,000
Bottom 8.3 29,000 31,000

(a) These thicknesses are less than specified by Exatec for optimal weathering.

Figure 11—Effect of strain on
relative delamination times for
all coatings.

applied strain, we expect microcracking after 6,000 to 12,000 kJ/m2 of exposure and
should be able to detect poorer performing coatings that might result from changes. 

Predicted Florida Lifetime for Plasma-Overcoated Samples

We are most interested in the system with the 2nd generation SHC and the plasma
overcoat. Data show that its failure mode is delamination. Clear samples have begun to
yellow at the delamination time, but not yet severely (Delta YI < 4). Microcracking is not
expected since it has not been observed in any of these samples, even under applied
strain. We have not observed the formation of more than 2–3% haze. The lifetime is
therefore determined by the delamination time.

The delamination times for the coatings are determined by the thickness of the SHC,
since it carries the UV absorber that protects the coating/PC interface. Table 7 shows
delamination data gathered at GE Global Research for the 2nd generation SHC on clear
PC under both xenon arc exposure conditions. Given the analysis that roughly 3000
kJ/m2 of borosilicate/borosilicate exposure should be the approximate equivalent of one
year in Florida, and the successful predictions shown in Table 3, we expect this coating
to last at least eight years when exposed at a 45° angle facing south for coatings with at
least 7 μm of SHC, and about 10 years with 8 μm of SHC. The privacy color gets hotter
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due to its higher light absorption (Table 3), and its lifetime will be reduced by approxi-
mately 20% to approximately 6.7 years and eight years for 7 and 8 μm SHC, respective-
ly. We have undertaken further analysis to predict the service lifetimes of coatings in real
automotive glazing application environments based on Florida weathering data, and this
will be reported separately.18

CONCLUSIONS

Accelerated weathering data must be treated cautiously when making lifetime predic-
tions. Analysis of the spectral power distributions of Florida sunlight and xenon arc
sources suggests that approximately 3,700 kJ/m2 of borosilicate/borosilicate filtered
xenon arc exposure should be the equivalent of one year of Miami, FL sunshine.
However, the higher temperature of xenon arc protocols reduces this by about 25% for
each 10°C that the test temperature differs from the effective exposure temperature for
polycarbonate materials. Empirical data on a wide range of hardcoated polycarbonate
show good agreement of xenon arc and Florida results, assuming a correlation of approx-
imately 3000 kJ/m2 per year in Florida on clear polycarbonate for the test conditions
described in this work.

The amount of exposure required to cause failure is very high, and even at the high
irradiance level of 0.75 W/m2, test times are >1 year for samples within the specification
range. Samples can also be exposed using offsets to move them closer to the lamp, and
an acceleration of 1.9× can be achieved using a 4 in. offset, thereby reducing test times
to seven to eight months. Exposure times to microcrack failure can be reduced by apply-
ing strain to the samples. 

Results from offset and normal position exposure indicate that the delamination of the
2nd generation SHC with or without plasma will occur after approximately 24,000 to
30,000 kJ/m2 of exposure at a SHC thickness of 7 to 8 μm. The conservative correlation
factor of approximately 3000 kJ/m2 of xenon arc exposure equating to a Florida year
gives a predicted lifetime of at least 10 years of direct Florida exposure for coatings with
sufficient SHC thickness. Further lifetime prediction models not described in this paper18

indicate that this translates to >10 years of lifetime for >99% of vehicles in a side win-
dow or backlight application.

Extension of these correlation factors to other materials requires some caution. The
high absorption of the coating protects the underlying PC from the unnaturally short
wavelength UV present in borosilicate-filtered xenon arc that is known to highly accel-
erate the degradation rate of PC and other aromatic polymers. Bauer’s analysis of accel-
eration factors showed that aromatic ester coatings were accelerated about 2× more than
aliphatic acrylic coatings.5 Temperature corrections will vary if materials activation ener-
gies are much more or less than 5 kcal/mol as assumed here. These coatings and the poly-
carbonate substrate did not show much moisture sensitivity, so that did not have to be
taken into account while other coatings and materials are known to be much more sensi-
tive to moisture. Predictive weathering requires knowledge of how environmental vari-
ables affect particular materials, reasonable simulation of the critical variables, and cor-
rections for known variance from natural conditions.
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INTRODUCTION

Over the past 30 years, plastics have become increasingly integrated into many civil
engineering projects as engineering materials. Widely known applications include plas-
tic pipes for pressurized and non-pressurized applications, composite bridges, geosyn-
thetics in waste containment and reinforcement, etc. Despite the many advantages that
plastics have relative to conventional construction materials, engineers are still reluctant
to adopt these new materials. One of the issues is the longevity—i.e., the service life—
of polymeric materials. Typically, the service lives of engineering systems range from 50
to 100 years; in some environmentally sensitive applications, service lives  of hundreds
of years are desired. While the best way to demonstrate the durability of a material is
through case histories and/or field data, the history of the application of polymeric mate-
rials in civil engineering is relatively short. Therefore, it is necessary to use laboratory
accelerated aging as an alternative method to assess the durability of these materials. 

Polypropylene (PP) is widely used in plastic pipes, geotextiles, geomembranes, and
geogrids. However, PP is well known for its susceptibility to oxidative degradation, lead-
ing  to polymer chain scission1,2 and eventually to reduction in engineering properties
including tensile strength. Antioxidants (AO) are added to PP to delay the onset of oxi-
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The oxidation degradation of a stabilized polypropylene filament was evaluat-
ed in incubation conditions that combined elevated temperature and high oxy-
gen pressure. The incubation temperatures ranged from 45 to 105°C; oxygen
pressures were 1.3, 2.8, 4.9, and 6.3 MPa. The antioxidant content in the fila-
ment was measured using the high pressure oxidative induction time (HP-OIT)
test, while the oxidation of the polymer was evaluated by measurement of the
tensile strength. Onset  of oxidation corresponded to 10% HP-OIT retained.
The temperature effect on the oxidation rate obeys the Arrhenius equation; the
oxidation rate is exponentially related to the pressure. Temperature and pres-
sure were found to act independently on the oxidation of the PP filament. The
service life at 25°C and one atmosphere was predicted based on a master
curve that was generated by applying time-temperature superposition and
time-pressure superposition principles. 



dation. For a stabilized PP
material, the oxidation
process is expressed in its
engineering properties
(here, exemplified by ten-
sile strength) in two stages,
as illustrated in Figure 1.
Stage A is the antioxidant
depletion period in which
no engineering property
changes take place. Stage
B refers to the oxidative
degradation period during

which there is a significant reduction in engineering properties. 
In the majority of the aging studies, the lifetime of a  material is defined as the time

for a selected property to drop to 50% of its initial value. Here, PP filaments have been
thermally aged at multiple temperatures  and the Arrhenius equation has been used to pre-
dict the service life at a specific temperature. For polymers that do not require long serv-
ice life, the thermal aging is an adequate test method. However, for polymeric construc-
tion materials from which a long service life is demanded, thermal acceleration can be
very slow. In such cases, it would take an extremely long incubation time to generate
meaningful data for service life prediction. Instead of assessing polymer degradation
directly, some researchers have studied the depletion of AOs in the polymer at elevated
temperatures.3,4 As shown in Figure 1, the depletion of AOs occurs during the initial
stage of the oxidation degradation and this depletion is the precursor for the polymer
degradation. It has been demonstrated that the mechanical properties begin  to decrease
when the majority of the AO in the polymer is depleted.5,6 For a well-stabilized polyeth-
ylene geomembrane, more than two years of incubation at temperatures from 55 to 85°C
were required in order to predict the lifetime of the AOs.3 Such a test period is too long
for manufacturers and users to evaluate the performance of different antioxidant pack-
ages. 

To  further accelerate the oxidation processes, oxygen pressure has been applied as the
second acceleration agent in addition to temperature.7-10 A standard method is also being
developed by the European Committee for Standardization to evaluate geosynthetics
made from polyolefins in reinforcement applications. Test samples are immersed in water
under high oxygen pressure and elevated temperature. The properties of the incubated
samples are monitored with time. 

In this study, the oxidative degradation of PP filaments was evaluated under four oxy-
gen pressure levels from 1.3 to 6.3 MPa at seven temperatures from 45 to 105°C. The
depletion of antioxidants was monitored by oxidative induction time (OIT), while oxida-
tive degradation of the polymer was assessed by the tensile strength. The changes of ten-
sile strength with time were analyzed using time-temperature superposition (TTS) and
time-pressure superposition (TPS) to generate the master curve at service condition of
25°C and one atmosphere so that the service life of the PP filament can be predicted. 
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Figure 1—Changes in antioxidants and tensile properties with time.



TEST MATERIALS

Polypropylene filaments  were taken from the weft direction of a woven slit film geo-
textile. Table 1 shows the material properties of the PP filament. The antioxidant pack-
age used to stabilize the filament was not revealed; however, the manufacturer indicated
that it included hindered amine light stabilizer (HALS). Independent chemical analysis
using ASTM D 5524 was performed to identify the types of antioxidants. It was found
that the AO package consists of Irganox® 3114 (~ 1000 ppm), Irganox® 1076 (~ 700 ppm),
and Irgafos® 168 (~ 40 ppm). Although HALS was not detected, its presence could not be
completely ruled out  since the detection of HALS is known to be challenging.

INCUBATION CONDITIONS 

As shown in Table 2, the incubation series involved seven temperatures and four oxy-
gen pressures. The incubation was carried out in specially designed high pressure cells.
Each cell was equipped with a pressure gauge with accuracy of ± 70 kPa and a thermal
well to measure the temperature inside the cell. The pressure cell and forced air oven are
shown in Figure 2. Pressurization involved replacing the air inside the cell by flushing
the cell with oxygen at 1 MPa at least twice. Oxygen was then introduced gradually to
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Table 1—Properties of As-Received PP Filament

Test Method Mean  Value Standard Deviation

Density (kg/m3)—ASTM D 792 ...............................901 —

Thickness (mm) .................................................0.95 0.008

Single Filament Tensile Test—ASTM 3822
Break strength (N) ................................................48 5.0
Break elongation (%)............................................16.5 5.5

HP-OIT (min)—ASTM D 5885.................................118.3 10.1

Note: The physical, mechanical, and thermal properties listed in the table are  based on the results of 5 to
10 replicates of the as-received material in each test.

Table 2—Incubation Conditions for PP Filaments

PO2 Temperature (°C)

(MPa) 45 55 65 75 85 95 105

1.3 – – TS – — – TS
2.8 – – TS – TS – TS
4.8 – – TS – TS – TS
6.3 OIT/TSa OIT/TS OIT/TS TS OIT/TS TS OIT/TS

(a) TS = tensile strength; OIT = oxidative induction time



the desired pressure
after which  the inlet
valve was closed to
maintain a constant
volume. The pressur-
ized cells were then
placed in different
ovens that were set at
the incubation tem-
peratures. The pres-
sure in the cell was

monitored weekly. If the pressure decreased more than 0.1 MPa, the cell was depressur-
ized and then repressurized  to the desired value. 

TEST METHODS 

The samples in the pressure cells were retrieved at different time intervals to monitor
changes in material properties. Two properties were tested as described below.

Oxidative Induction Time Test

The high pressure oxidative induction time (HP-OIT) test was used to measure the
amount of antioxidants remaining in the tape yarns. The reason for using the HP-OIT test
to evaluate the antioxidants is the possibility of HALS presence in the antioxidant pack-
age. HALS have melting points ranging from 120 to 150°C and cannot be evaluated
using the standard OIT test (ASTM D 3895), which is carried out at an isothermal tem-
perature of 200°C. The high test temperature induces an artificial depletion of HALS.5

The HP-OIT test was performed according to ASTM D 5885 using a TA 2920 differ-
ential scanning calorimeter (DSC) with a high pressure cell. The test uses an isothermal
temperature of 150°C and 3.5 MPa oxygen pressure. The specimen is heated from room
temperature to 150°C at a constant heating rate of 20°C/min under 0.035 MPa of nitro-

gen. The specimen is held
under nitrogen at 0.035
MPa for 4 min to reach the
isothermal temperature of
150°C. Oxygen is then
introduced and gradually
increased to 3.5 MPa, at
which point the time meas-
urement begins. The test is
terminated when an
exothermal peak is
observed. The exothermal
peak corresponds to the
oxidation of the polymer.
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Figure 3—Typical thermal graph illustrating the obtaining of the
HP-OIT value.

Figure 2—Pressure cell and forced air oven used for the high pressure
incubation.



The onset of the exother-
mal peak is determined
using a tangent method
based on the steepest
slope, as illustrated in
Figure 3. 

At least two, and some-
times as many as four,
replicates are used to
establish a particular value
of HP-OIT. The coefficient
of variation (COV) was
found to be approximately
10% for the unaged fila-
ments and approximately
20% for aged filaments. 

Tensile Properties

The tensile strength of the PP filaments was evaluated according to ASTM D 3822.
The test equipment was an Instron Model 42060 equipped with a 45 kg load cell. The test
was performed at a strain rate of 200 mm/min with a gauge length of 200 mm. Both ten-
sile strength and elongation were automatically measured. Eight specimens were tested
for each incubation period. The average value and standard deviation were recorded and
used for the analysis.

RESULTS AND DISCUSSION

The changes in the two material properties are presented in percent retained, which is
calculated according to equation (1).

(1)

Antioxidant Depletion with Incubation Time

Antioxidant depletion was measured by the HP-OIT test at different incubation  times.
From previous studies,3,10 the OIT retained was found to decrease exponentially with
incubation time according to equation (2). The equation indicates a first order reaction
for the depletion of antioxidants. 

(2)

where OIT% is HP-OIT percent retained after incubation time t, t is incubation time
(months), and k is a reaction rate constant which is a function of the incubation temper-
ature and the oxygen partial pressure.
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Figure 4—HP-OIT% retained versus time at 6.3 MPa at different
incubation temperatures.



Figure 4 shows the
OIT depletion curve under
6.3 MPa at different incu-
bation temperatures. An
exponential curve was fit-
ted to each set of the data
from which the reaction
rate (k) was determined.
Figure 5 shows the
Arrhenius plot, correlating
the reaction rate with tem-
perature. It can be seen
that the activation energy
does not remain constant
over the test temperature

range, from 45 to 105°C (a transition is observed at 65°C). The activation energy is much
higher at temperatures above the transition. 

Changes of Tensile Strength with Incubation Time

In this study,  macrostructure changes caused by oxidation in the polymer were mon-
itored through changes in tensile strength. Although the tensile elongation is known to
have a good correlation to the degradation of the polymer, crimps caused by the weaving
of the geotextile lead to a large variation in the break elongation of the filaments. Figures
6 and 7 show the decrease in retained tensile strength with time under pressure and tem-
perature, respectively. The curves were fitted against  equation (3), where the n values
were in the range between 4 and 7 in the majority of curves.

(3)

where σ is percent strength retained (%), t is time (day), tf = time to reach a strength
retained value of less than 20%, n is constant. 

The onset of the polymer
degradation is defined when
the tensile strength dropped
below 100%. The onset times
are correlated to the HP-OIT
depletion curves in Figure 4 to
determine the critical value.
Table 3 shows the onset times
of tensile strength reduction
and the corresponding critical
HP-OIT retained values under
the incubation condition of 6.3
MPa. The average value for
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Figure 5—Plotting ln(k) against inverse incubation temperature.

Figure 6—Effects of temperature on the tensile strength with
time under pressure of 6.3 MPa.



the critical HP-OIT is approx-
imately 10%, or ~11 minutes,
which is close to the sensitivi-
ty limit of the HP-OIT test.
This implies that the AOs in
the filament have  probably
completely depleted. The AO
content in some of the incu-
bated filaments with tensile
strength retained around 80 to
90% was further verified by
ASTM D 5524. Except for a
small amount of degraded
Irgafos® 168, no other antioxidants were detected in the filaments. It seems that the HP-
OIT test can effectively monitor the amount of AO package in the filament. Furthermore,
the onset of tensile strength reduction can be deduced once the critical HP-OIT is estab-
lished.  

The service life of the PP filament, i.e., Stages A and B of Figure 1, is defined as the
time to reach 50% tensile strength retained (t50%), which was deduced from equation (3)
for each of the incubation conditions. The reciprocal  value of t50% was used as the oxi-
dation rate to analyze the oxidation mechanism. Table 4 shows the t50% values for differ-
ent incubation temperatures under 6.3 MPa. The time corresponding to the degradation
of the polymer, Stage B, was calculated and these values have been  listed in Table 4. The
duration of Stage B varies from 15 to 28% depending on the incubation temperature. This
indicates that the service life of the PP filament is largely governed by the AO concen-
tration in the polymer. Similar behavior was observed in a stabilized HDPE pressure
pipe; the time that took to degrade the polymer was 8% of the total service life.11 Clearly
the efficiency of the AO package is critical to the longevity of the commercial plastics,
and yet it is often the least known component in the product.  

The relationships between reaction rate and incubation temperature under different
pressure conditions are summarized by the Arrhenius plots in Figure 8. As with the
antioxidant depletion curve shown in Figure 4, the activation energy is not constant over
the whole test temperature range; there is a transition around 65°C at 6.3 MPa. From 65
to 105°C, the Arrhenius lines are roughly parallel to each other, indicating that pressure

177

Figure 7—Effects of pressure on the tensile strength with time
at 105°C.

Table 3—Onset Time of Strength Reduction and Corresponding HP-OIT Value

Incubation 105°C 85°C 65°C 55°C 45°C
Condition 6.3 MPa 6.3 MPa 6.3 MPa 6.3 MPa 6.3 MPa

Onset time of
strength 0.042 0.33 2.23 4.0 8.0
reduction
month

Critical
HP-OIT 6% 14% 12% 7% 8%
retained (%) (7 min) (16 min) (14 min) (8 min) ( 9 min)



has little effect on the tem-
perature-controlled mecha-
nism. For the temperature
range above 65°C, the aver-
age activation energy is cal-
culated to be 112 kJ/mol,
while at temperatures below
65°C, it is only 56 kJ/mol.
These two activation energy
values are similar to those of
the antioxidant depletion
reaction. The change in  acti-
vation energy with tempera-

ture has also been observed by other researchers. Gugumus12 detected a decrease in acti-
vation energy at temperatures around 80°C for stabilized and unstabilized PP. Ding13

found a non-linear line in the Arrhenius plot for the oxidation of PP cable in oven aging
at temperatures between
30 and 90°C. The change
of activation energy
implies that the Arrhenius
extrapolation cannot be
applied to predict low
temperature performance
using data obtained from
high temperature incuba-
tion. With 65°C as the
transition point, different
activation energies should
be applied. Although such
transition at lower oxygen
pressures should be veri-
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Table 4—Time to Reach 50% Strength Retained and %

Incubation 105°C 85°C 65°C 55°C 45°C
Condition 6.3 MPa 6.3 MPa 6.3 MPa 6.3 MPa 6.3 MPa

Onset time of
strength 0.042 0.33 2.23 4.0 8.0
reduction
month

t50%
(Stages A & B) 0.058 0.43 2.7 4.7 9.5
(month)

% total time
(Stage B) 28% 23% 17% 15% 16%
(month)

Figure 8—Arrhenius plots for different pressures.

Figure 9—Relationship between reaction rates and pressure.
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fied, it raises the question
of the reliability of serv-
ice life prediction esti-
mates made from  elevat-
ed temperature accelera-
tion tests, particularly
using temperatures above
100°C for PP. It is partic-
ularly worrisome that a
high activation energy
value would predict a
long service life based on
the Arrhenius model. For
the PP filament in this
study, the service life is 17
times longer for a predic-
tion based on 112 kJ/mol than on 56 kJ/mol. 

The relationship between the reaction rate and pressure is shown in Figure 9. The
reaction rate is exponentially related to the pressure, as expressed in equation (4). At
85 and 105°C, the slopes of the lines (β) are very similar while the slope at 65°C is
slightly higher.

(4)

where R = reaction rate, P = incubation pressure, and α and β are constants

Oxidation Prediction

Commonly, the prediction of oxidative degradation is performed on a single data point
t50%. As pointed out by Gillen et al.,14 such a method significantly depreciates the test data
since it confines the prediction to a single  value. Furthermore, it introduces a greater
uncertainty in the prediction due to the limited data points on which it is based. Gillen,
et al.14,15 applied the time-temperature-dose rate superposition principle to predict the
tensile degradation of an elastomer. A master curve was generated by shifting test data
from elevated test temperatures to a lower service temperature. Scattering of the data at
the service temperature would provide the analyst with an indication of confidence value
one could assign to this prediction. 

In this study, the degradation of tensile strength with time is further evaluated by
applying the TTS and TPS methods. The relatively parallel lines in both temperature and
pressure plots of Figures 8 and 9 indicate that the temperature and pressure effects on the
acceleration of polymer oxidation can be evaluated separately. The tensile strength ver-
sus time curves at different incubation conditions are shifted to a single condition to gen-
erate a master curve at the service temperature and pressure.  

The following procedures were carried out to generate a master curve at a reference
temperature and pressure of 25°C and 0.02 MPa, respectively. This master curve is pred-

Figure 10—Strength versus time master curves at 65°C under differ-
ent pressures.



icated on the assumption that the same oxidation mechanism holds from 1.3 MPa to 0.02
MPa at temperatures above and below 65°C.

(1)  Apply TTS to obtain the master curve at 65°C for each pressure condition. The
shift factor is expressed in equation (5) with an activation energy (Ea) of 112
kJ/mol. Figure 10 shows the four master curves at different pressures. 

(5)

(2)  The four master curves in Figure 10 are shifted again from 65 to 25°C using
equation (5) with an activation energy (Ea) of 56 kJ/mol. The four strength
degradation curves at temperature of 25°C under different pressures are dis-
played in Figure 11.
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Figure 12—Master curve at 25°C and 0.02 MPa.

Figure 11—Strength versus time master curves at 25°C under different
pressures. 
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(3)  Apply TPS, as expressed in equation (6), to shift the four different pressure curves
in Figure 10 to a single pressure at 0.02 MPa, as shown in Figure 12.

(6)

where β = 0.325 MPa–1 (average slope value in Figure 8)
The master curve provides failure times for different percentage strength retained. The

predicted service life, t50%, is 47 years at 25°C and one atmosphere. 

CONCLUSIONS 

The oxidation of PP filaments with a specific antioxidant package was evaluated
under high pressures and elevated temperatures. The depletion of the AOs in the fila-
ments can be effectively monitored by the HP-OIT test. The oxidation degradation of the
polymer, which was measured by the tensile strength of the filament, occurred when AOs
in the polymer were essentially depleted. 

The Arrhenius plots revealed that the activation energy was non-linear between 45 to
105°C under pressure of 6.3 MPa. A transition around 65°C was observed. The oxidation
rate was found to increase exponentially with pressure. In addition, there was no syner-
gistic effect between temperature and pressure, and therefore their acceleration of the
oxidation process can be assessed separately. TTS and TPS were found applicable to pre-
dict the service life of the PP filament. 
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INTRODUCTION

Asset management of water reticulation assets entails obtaining the optimal value
from the asset. This needs to occur throughout its entire lifecycle, from design through
construction, operation, maintenance, renovation, and finally disposal. The critical factor
that controls the latter four factors is asset failure, either through physical pipe failure or

Chapter 12

Risk Analysis for Pipeline Assets—The Use of
Models for Failure Prediction in Plastics Pipelines

Stewart Burn, Paul Davis, and Scott Gould

CSIRO Land and Water, Highett, Australia

A key component in any risk-based asset management strategy is the ability to
predict when assets will fail. For pipe materials such as cast iron (CI) and
asbestos cement (AC), sufficient failure data are available to allow statistical
failure models to be developed. However, for newer materials such as
polyvinylchloride (PVC) and polyethylene (PE), only limited failure data are
available. Lifetime prediction for brittle polymers can be based on Linear
Elastic Fracture Mechanics (LEFM) theory. LEFM uses the concept of a single
parameter known as the applied Stress Intensity Factor (SIF) that character-
izes the stress field at the tip of a crack in a plastics material. The dependence
of crack growth rate on the applied SIF can be determined using small labora-
tory scale tests on coupon samples, which can then be applied to the geometry
of a flawed asset in service via a geometrical correction factor. While this
approach can be applied to comparatively brittle materials such as unplasti-
cized polyvinylchloride (PVC-U) and older PE materials, newer PE materials
can form a large craze zone at the crack tip, which renders LEFM invalid. An
extension to LEFM theory, Elastic Plastic Fracture Mechanics (EPFM), can be
used to model post-yield fracture that occurs after plastic deformation in duc-
tile materials. However, care must be taken to distinguish plastic fracture from
crack tip blunting. In the case of crack tip blunting failure mechanism, EPFM
failure predictions cannot be transferred from small test geometries to larger
pipes in service and other approaches such as craze mechanics theory must be
applied. When developing a failure model for new polymers with high, slow
crack growth resistance, it is essential that the underlying theory (e.g., LEFM)
is validated. Recent advances in failure mechanism research has led to a novel
test method which isolates the craze formation and separation process in
tougher pipeline materials such as the newer bimodal PE materials. By com-
paring measured craze strength from this new method with material yield
strength, criteria can be applied which allow selection of the appropriate life-
time prediction methodology. 



water quality issues. In asset management methodologies, assets are managed to deliver
value to the community, and, in this respect, the costs of managing the asset should be
less than the benefits derived by the community. This strategy can be achieved using a
risk-based methodology to determine the correct strategy to take throughout the asset’s
lifetime. For most water reticulation assets such as pipe networks, many water authori-
ties are reactive and let risk manifest itself as pipe failure. However, for more critical
assets such as sewer rising mains or large diameter water reticulation pipes, the conse-
quence of failure is so large that risk cannot be allowed to be expressed as asset failure
and proactive action must be taken to minimize the risk before failure occurs. Risk is a
multi-dimensional concept that is influenced by many factors such as the environmental
conditions, operational practices, as well as the social, political, and economic aspects.
Generally, such a complex analysis of risk is not carried out and risk is often considered
to be the product of the probability of failure, Pr(f) and the consequence of failure C(f):

Risk = Pr(f).C(f) (1)

The consequence of failure depends on a number of environmental, social, and econom-
ic factors that can normally be determined using so-called Triple Bottom Line or sustain-
ability analysis. Generally, a multi-criteria approach is used to carry out a full sustainabil-
ity analysis, which allows ranking of different scenarios. However, for most water assets
this approach is currently too complex and a simple financial approach is utilized to
determine the consequence of failure.

The probability of failure depends on a significant number of factors associated with
pipe manufacture, pipeline design, pipeline installation, operating environment, as well
as maintenance frequency and quality; and for most asset types where water authorities
let assets operate to failure, the probability of failure is expressed as a failure rate. The
failure rate depends on the pipeline material as well as the operating and installation char-
acteristics. As shown in Table 1,1 older materials such as cast iron (CI) and asbestos
cement (AC) generally have higher failure rates compared to newer materials such as
Ductile Iron (DI), Polyvinylchloride (PVC), and Polyethylene (PE). 

For older materials, sufficient failure data exists to allow the development of statisti-
cal models that predict future failures relatively well. However, for newer materials the
failure data is limited and alternative approaches, such as physical/probabilistic models,
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Table 1—Average Failure Rates (per 100 km) from UKWIR National Failure Database1 

Average Failure Rate per 100 km
Material Group/Year 1998 1999 2000 2001 2002 Average

Asbestos cement .......... 16.4 17.1 15.1 15.8 15.6 16
Ductile iron.................... 5 5.3 4.8 4.8 6.5 5.28
Cast iron ....................... 23.7 23.7 19.1 21.7 12.3 20.1
PE ................................. 3.5 2.9 3.3 3.1 3.0 3.16
PVC .............................. 9.6 9.1 7.2 7.4 3.3 7.32
Steel.............................. 5 6.1 5.8 5.7 33.1 11.14
Unknown....................... 0.1 0 0 0.1 15.9 3.22

Note: The UK experienced a peculiarly high PVC pipe failure rate due to poorly fused products from
some manufacturers.



need to be used. This chapter details a comprehensive methodology that can be used to
predict pipeline failure in plastics pipes operating under static pressures if the operating
and installation conditions are known.

SERVICE LIFE PREDICTION METHODS FOR POLYMER PIPES

Polymeric materials subjected to hydrostatic pressure generally fail by one of three
mechanisms as shown in Figure 1. 

For Stage I of the hydrostatic pressure test data, the pipe is mainly subjected to
mechanical overload and ductile failure occurs by plastic instability. Ductile yielding is
the end result of the gradual creep extension of the pipe, which results in a thinning wall
and a growing diameter, both of which contribute to the development of a steadily larg-
er true hoop stress. The driving force in this case is the bulk, or average value of the
developed hoop stress. 

In the transition to Stage II, the time duration of the creep extension and ductile fail-
ure processes observed in Stage I is extended (due to the lower applied stress) and fail-
ures begin to occur by a quasi-brittle mode of slow crack growth.2 Stage II is often
referred to as beyond the “mechanical knee” in hoop stress versus time data for PE mate-
rials and corresponds to the brittle-like failures which occur from inherent defects in the
pipe wall at these lower applied stress levels.3

In the later stages of this mechanical knee, a second transition is thought to exist to
Stage III, when the heat stabilizer package of the raw material is consumed and brittle
fracture failures are induced by thermal degradation. Stage III is referred to as beyond the
“chemical knee” and failure times are effectively independent of applied stress levels.3

Although Figure 1 represents the transitions in failure mechanism that can occur at
extended times, it should be noted that it does not relate directly to possible field failures.
For example, Stage I is seldom, if ever, observed in field failures and whilst Stage III is
also not generally seen, there is one known exception. This occurred for PE pipe made
by a single manufacturer, circa 1974, which was found about 10 years later to become
brittle, causing the development of premature failures in water service applications.
Laboratory tests indicated that the embrittlement was the result of oxidation due to a defi-
ciency in stabilizer levels. This obser-
vation led to the establishment of a
test requirement for PE pipes requir-
ing that the material contained in
extruded PE pipes must meet certain
minimum thermal stability criteria.
Since then, there has been no report of
a field failure caused by the Stage III
process. However, further research is
required to demonstrate that Stage III
failure will not occur over the extend-
ed lifetimes required by PE pipes. In
practice, Stage II is the dominant fail-
ure mode that has been observed to
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Figure 1—Schematic illustration of three stages during
the service lifetime of a pressurized PE pipe.3



occur in the field. Depending upon the polymer studied, Stage II failures can be predict-
ed using Linear Elastic Fracture Mechanics (LEFM), Elastic Plastic Fracture Mechanics
(EPFM), or Craze Mechanics (CM) service life modeling approaches.

Linear Elastic Fracture Mechanics (LEFM)

In the case of brittle fracture in materials such as PVC-U, Linear Elastic Fracture
Mechanics (LEFM) theory idealizes the fracture process as a balance between an applied
stress intensity factor (SIF) and the fracture toughness of the pipe material.4 The applied
SIF is determined by in-service loading conditions and the “current condition” of the
pipe. Service loading can be split into contributions from operating pressure, external soil
loading, residual stress, and external impact. The current condition of a pipe is character-
ized by the level of damage (i.e., external surface scratches and inclusions) in the pipe
wall. A possible set of conditions that could lead to fracture failure in service is illustrat-
ed schematically in Figure 2.

In this case, the inner surface of a buried plastic pipe is subjected to tensile stresses
from internal pressure, and bending stresses from deflection loads associated with soil
and traffic loads. If we consider a flaw at the crown or invert of the pipe, the magnitude
of the applied stress will increase at the tip of a sufficiently severe flaw and crack initia-
tion will eventually occur. This crack will slowly grow through the pipe wall thickness
until at some point the applied SIF will exceed the fracture toughness of the pipe mate-
rial and brittle fracture will occur. Although it is a less severe case, an external surface
flaw at the spring-line of the pipe would grow radially inward, eventually producing brit-
tle fracture. This is a less severe case because the residual stress at the outer surface of
an extruded polymer pipe is compressive in the circumferential direction, compared to
tensile stresses at the inner wall. Consequently, crack initiation from a defect located at
the outer surface of the pipe is less likely to occur.

In addition to those stresses illustrated in Figure 2, a buried pipe can be subjected to
other localized stress increasing situations (i.e., rock impingement, gouges, differential
settlement, poorly made fusion joints, sudden changes in geometry), which are major fac-
tors in the development and propagation of slowly growing cracks. A polymeric pipe
must exhibit high resistance to the potentially adverse effect of all these “normally”
occurring localized stress increasing situations, if it is to perform satisfactorily in service. 
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Figure 2—Expected operating conditions of a buried plastic pipe.



According to LEFM theory, the fracture process can be split into three stages, which
combine to determine the total failure time under a static load4:

• An incubation period between load application and crack initiation
• A period of slow crack growth
• Fast brittle fracture when the applied SIF exceeds the material fracture toughness

To calculate service lifetimes associated with each of these stages, the SIF associated
with a flaw in the pipe wall must be quantified. The applied SIF is determined by the in-
service loading conditions and the “condition” of the pipe. Service loading can be split
into contributions from operating pressure, external loading, and residual stress, whilst
the condition of a pipe is characterized by the size of flaws or defects in the pipe wall.
Such defects could originate from external surface scratches and/or melt inclusions. In
many cases, polymer pipes are extruded and then cooled by water spray on their outside
surface only. As stated above, this produces a through thickness residual stress profile
comprised of a tensile stress at the pipe inner surface and a compressive stress at the pipe
outer surface. Since the outer surface is likely to be subjected to a compressive residual
stress, the effect of external surface scratches is less severe than defects located at the
pipe inner surface. In fact, a frequently observed defect type that can cause crack initia-
tion and failure in polymer pipes is an elliptical or “thumb-nail” shaped defect located at
the inner surface of the pipe.

For a defect of radial depth, a, in the pipe wall, an applied SIF (K), can be defined
which relates the remotely applied stresses to the stresses at the defect tip as detailed in
equation (2):

(2)

where Y is a geometric correction factor, which accounts for the influence of pipe geom-
etry and loading type on K. Geometric correction factors have been previously defined
for plastic pipes under combined internal pressure and diametrical deflection, as well as
for residual stresses.5 For a buried pipe, a total applied SIF can be defined as 

(3)

where KIP is the applied SIF from internal pressure, KID is the SIF from deflection, and
KIR is the SIF for residual stress. It should be noted that for simplicity, equation (3) only
includes the effect of those stresses depicted by Figure 2. As stated above, other condi-
tions can be present in actual buried pipe situations, such as point loads, that produce a
possibly greater total stress intensity factor than that which is predicted from equation
(3). Previous researchers have proposed that the incubation period between crack initia-
tion ending and slow crack propagation beginning, occurs when the defect or crack open-
ing displacement (COD) attains a critical value.4,6 This critical COD, δ*, is written in
terms of the applied SIF as

(4)
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where E is the Young’s modulus, σY is yield stress, and KI equates to KITOT from equation
(3). If visco-elastic behavior is represented by the time-dependent Young’s modulus E =
E0t

–p and σy = σ0t
–q, then the incubation time, ti, can be written as

(5)

However, previous research has shown that equation (5) can significantly over-predict
initiation times at low applied stress intensity factors.7 After crack incubation ends, a
period of slow crack growth occurs. Under a static load, fracture mechanics theory pro-
poses that K can be related empirically to crack growth rate da/dt in the form

(6)

where D and m are empirical constants, which can be determined from laboratory frac-
ture tests.8 Assuming that the crack grows in a stable manner through the pipe wall, equa-
tion (6) can be integrated between the limits of defect size and pipe wall thickness to
obtain the time to rupture. It is also assumed that the geometry factor Y in equation (3)
remains constant during crack growth. Under internal pressure only, this is reasonable
since the majority of time to rupture is spent with the crack length small (less than half
the pipe wall thickness). Under these conditions, Y is effectively constant.9 Integrating
equation (6) between the limits of initial defect size and pipe wall thickness gives the
time to stress rupture τSR as 

(7)

where σH is the hoop stress in the pipe wall, b is the pipe wall thickness, and ao is the ini-
tial defect size. It can be shown that if b is much greater than ao, and m is sufficiently
large, then equation (7) reduces to

(8)

The crack growth exponent m can be obtained experimentally by subjecting pipes
with different inherent defect sizes to internal pressure and recording times to failure. It
should be noted that the integration of equation (6) assumes that crack growth is con-
trolled by a single applied stress intensity factor. In many cases, this generally means that
secondary influences are ignored and the total SIF KITOT is assumed to be equal to the
contribution from internal pressure only, KIP. A more rigorous treatment that includes
contributions to KITOT from deflection and residual stress is reported in references 5 and
7. In this approach, equation (6) is discretized into a number of small time steps. A repeat-
ed calculation is then performed in which, at the end of each time step, the crack length
is incremented by the amount of crack growth produced by KITOT. This approach allows
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all contributions to KITOT to be included in the analysis. However, it should also be noted
that the decrease in residual stress over time due to ageing and stress relaxation remains
unaccounted for.

Sometime during this growth period and generally before the crack grows complete-
ly through the pipe wall thickness, the crack will attain a critical size and fast brittle frac-
ture will occur. The criterion for the stress intensity at which this fast failure occurs can
be expressed as

(9)

where KIC is the material fracture toughness that can be measured using a range of dif-
ferent test methods.10

A rigorous analysis of each of these mechanisms can determine the time associated
with each stage of the failure process (i.e., incubation followed by slow crack growth and
then fast brittle fracture), and combines them to give the total time to failure.5 However,
a simpler alternative approach is to simply use results from fracture toughness testing
under a range of test loads.8,11,12 This can provide an empirical relationship between frac-
ture toughness and time in the form5

(10)

where t is time in hours, and A and B are constants. Having established such a relation-
ship, the actual total SIF applied for a pipe in service can be obtained from equation (3),
and used in equation (10) to determine a time to failure. 

Elastic Plastic Fracture Mechanics (EPFM)

Fracture in more ductile materials such as polyethylene (PE) involves extensive plas-
tic deformation and in this case an Elastic Plastic Fracture Mechanics (EPFM) approach
may be applicable.13 The elastic-
plastic regime involves a number
of additional complications that
are not present in the elastic
regime. First, there is inherent
non-linearity in material defor-
mation and the large geometry
changes that accompany fracture.
A further complication is the sig-
nificant crack blunting that
occurs prior to crack initiation
and also in the stable crack
growth phase that can occur prior
to unstable final fracture. The
various stages of ductile fracture
are shown in the schematic dia-
gram in Figure 3.
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Figure 3—Schematic diagram illustrating the stages of
ductile fracture.14



In EPFM, an engineering approach to predicting failure can be based on the crack tip
characterizing parameter known as the J-integral. As outlined by Williams,13 J is an ener-
gy release per unit area of crack face for a non-linear elastic solid. The J-integral provides
an energy release rate (expressed in kJ/m2), and corresponds to a crack driving force per
unit width of crack front (expressed in Newtons/metre). The General Electric (GE)
Handbook14 contains tabulated solutions for J obtained using finite-element stress analy-
sis for ductile materials. For example, for an internally pressurized cylinder with a radi-
al flaw at the inner surface, the elastic-plastic crack driving force (J) is expressed as
detailed in equation (11)14: 

(11)

In equation (11), KITOT is the total applied SIF from LEFM theory; E is the material
Young’s modulus; c is the un-cracked ligament length; p is the applied internal pressure;
p0 is the limit pressure assuming perfect plasticity; σY is the material yield strength; and
the parameters α, ε0, and n are obtained from the stress-strain relationship for the mate-
rial. The dimensionless EPFM function h1 is tabulated for a range of crack lengths and
pipe sizes in the GE Handbook.14

Although the equations are omitted for simplicity, the applied SIF KITOT and the
dimensionless factor h1 in equation (11) both depend on crack length. To account for the
crack tip craze zone, EPFM theory defines the “effective” crack length ae as the original
crack length a plus an additional length φry, which is some fraction of the crack tip craze
zone.

(12)

As outlined by Bernal et al.,15 the additional crack length is given by

(13)

where p is the applied internal pressure. Although there is no EPFM-based expression to
predict time-dependent crack growth directly, the effect of time can be incorporated indi-
rectly through the change in craze zone length. As outlined by Atkins and Mai,16 the time
dependence of material yield strength σY follows a power law in the form

(14)

As time progresses, σY decreases as per equation (14), and, consequently, the length
of the craze zone will increase following equation (13). According to equation (12), this
will also produce an increase in the effective crack length ae. This increase in effective
crack length will produce corresponding increases in the applied SIF KITOT and the
dimensionless EPFM function h1. Finally, referring back to equation (11), the net effect
of the time-dependent decrease in yield strength is to increase the crack driving force J.

Having defined the crack driving force using the J parameter, a failure criterion for
fracture under EPFM conditions is required. J-crack growth resistance values (often
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denoted as “JR”) can be determined for a particular material by following an experimen-
tal protocol described by the European Structural Integrity Society.17 The recommended
test method uses either compact tension or single-edge notch bend (SENB) specimens,
which are subject to a constant displacement rate until failure. For each specimen, JR is
determined by numerically integrating under the load versus displacement plot resulting
from each test. To fully characterize JR for a particular material, a series of specimens are
loaded to different final displacements and the amount of crack extension that occurs dur-
ing the test is measured. By plotting crack growth Δa against the corresponding JR value,
a material J-resistance (J-R) curve can be generated. Previous tests on ductile polymers
indicate that material J-R curves follow a power law form given by

(15)

where A and N are empirical constants determined by fitting experimental JR versus Δa
data. A critical JR value required for crack initiation is arbitrarily defined as J0.2, or the
value of JR that corresponds to 0.2 mm of crack growth.17 As prescribed in the ESIS tech-
nical committee protocol,17 this corresponds to the material elastic-plastic crack initiation
toughness JC. Typical values for PE pipe materials are A = 38.04 and N = 0.56.15

Substituting these values into equation (15) for a crack extension, Δa = 0.2 mm, gives an
elastic-plastic crack initiation toughness of JC = 15.45 N/mm. 

In the elastic-plastic regime, crack initiation is assumed to occur when the crack driv-
ing force per unit width J exceeds JC. After crack initiation, failure can occur by two pos-
sible mechanisms. First, stable crack growth through the pipe wall can occur when the
effective crack length calculated from equation (12) exceeds the pipe wall thickness b.
Second, unstable crack growth can occur after some amount of stable crack growth in
ductile materials. After crack initiation, unstable crack growth is predicted to occur at the
point of tangency between the applied J versus a curve (calculated from equation [11])
and the material JR versus Δa curve. At this point, the gradient of the two curves is equal
and the amount of stable crack growth before instability can be determined. The criteri-
on for crack initiation and subsequent failure in the elastic-plastic regime are written as

(16)

(17)

(18)

The criteria for initiation and unstable ductile fracture are shown graphically in the
schematic diagram in Figure 4.

Craze Mechanics (CM) 

While single parameter fracture mechanics (LEFM or EPFM) may apply in some
cases, recently developed polymers (such as bimodal PE materials) can form a fibrillat-
ed craze zone, ahead of a crack tip, which may compromise the validity of these theories.

191



Figure 5 shows a
schematic diagram of
a typical craze devel-
oped in PE.

As shown in Figure
5, the craze zone is
comprised of fibrils of
material drawn from
the bulk as the crack
tip opens. At the root
of the crack tip is a
plastically deformed

“membrane” that separates the crack tip from the fibrillated craze zone. Extending out
approximately 45º from the crack tip membrane are secondary zones of shear deforma-
tion. The time-dependent deformation (and ultimate failure) of the membrane and craze
zones governs the slow crack growth and brittle fracture resistance of tougher materials
such as polyethylene. Further evidence of the interaction between the membrane and
craze zone is shown by periodic striations on the fracture surface of PE pipe failures.18

This is thought to indicate a “stepwise” crack propagation mechanism in which the craze
and membrane sequentially grow and fail, resulting in intermittent crack propagation.

Since the extent of craze deformation is dependent on the specimen geometry, values
of fracture resistance (i.e., KIC or J) may not be transferable from small laboratory test
specimens to larger geometries such as buried pipelines. As such, the formation of large
crazes may invalidate the use of both LEFM and EPFM theories. In this respect,
Kanninen et al.19 proposed that for those tough materials that contravene LEFM and
EPFM theory, detailed models of the crack tip craze should be developed to assess long-
term performance. 

One such modeling approach has been developed that uses a novel experimental
method to isolate and measure craze behavior. The so-called Circumferentially Deep
Notched Tensile (CDNT) test uses a rectangular test specimen which is machined to give
a circular ligament at the mid-point that is constrained by a sharp razor notch around its
circumference (see Figure 6). The deep circumferential notch develops a highly con-

strained region in the small
remaining ligament. As a conse-
quence of this geometrical dis-
continuity, a tri-axial stress state
and high magnitude of local
stress is achieved.20 Therefore,
when loaded in tension, the
high constraint promotes craze
growth in the ligament, which is
the most severe damage mecha-
nism likely to occur for a
flawed pipe in service. By sub-
jecting CDNT specimens to dif-
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Figure 4—J-based failure criteria for elastic plastic fracture.

Figure 5—Schematic illustration of crack tip craze formed
during slow crack growth in PE materials.



ferent static loads and recording failure
time, an empirical relationship that
describes that time-dependent craze
strength of a material can be developed. 

Duan and Williams21 attempted to
predict the time-to-crack initiation from
experimentally determined long-term
craze-strength data. While craze-
strength data can be obtained using cir-
cumferentially deep-notched tensile
specimens, the problem is to relate the
uniform tensile stress state that exists in
CDNT specimens to the actual stress
state in the craze zone that is formed in
other component geometries. From observations of plane strain single-edge notch bend
(SENB) tests on tough PE materials, Duan and Williams21 proposed that upon initiation,
a crack jump was observed through the crack tip craze zone. For this sudden failure of
the entire craze zone to occur, it was reasoned that two conditions must be met. First, the
stress must be constant along the entire craze zone and, second, the load bearing time for
different points along the craze must be the same at failure. It was proposed that these
conditions can only be met if the stress redistribution time due to craze fibril creep is
much shorter than the time-to-crack initiation. This was observed in long-term SENB
tests, where the time for the craze to reach 85% of its final length at failure was less than
one tenth of the total time-to-crack initiation.21 It was therefore proposed that the stress
redistribution time in tough materials occupies only a small portion of the total fracture
initiation time. As outlined by Duan and Williams,21 this implies that after this short stress
redistribution period, a uniform tensile stress exists in the craze zone of any specimen
geometry, which is the same as the tensile stress in the CDNT test. Therefore, provided
the tensile stress in the craze zone is known for the component under investigation (in
this case, an SENB specimen) the time-to-crack initiation could be predicted using meas-
ured craze-strength data. 

For a given component geometry, the actual stress in a craze zone after creep-induced
stress redistribution can be estimated using the concept of a “reference stress.” According
to Duan and Williams,21 the reference stress concept originated from the creep analysis
of metal rectangular beams under uniform bending moments. An analysis conducted by
Schulte22 revealed the existence of a particular location in the beam where the stress
remained invariant during stress redistribution by creep. It was postulated that this value
of the invariant stress could serve as a reference stress for the whole beam and any uni-
axial creep and rupture tests conducted at the reference stress could reproduce the behav-
ior of the beam.21 According to Duan and Williams,21 an estimate of the upper bound of
the reference stress (σref) can be derived as 

(19)
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Figure 6—Circumferentially Deep Notched Tensile
(CDNT) specimen.



where P is the current load on the component, PU is the rigid-plastic collapse load for the
component, and σY is the yield stress. Following the reasoning outlined above, the time
dependence of reference stress is the same as the time dependence of craze stress deter-
mined using circumferentially deep notched tensile specimens under constant tensile
load. For one particular pipe-grade PE material, this time-dependency was found to be

(20)

where ti is the initiation time (in hours).21 Therefore, by using equation (19) to calculate
reference stresses for SENB specimens, crack initiation times could be predicted using
equation (20). Using the reference stress concept, reasonable agreement has been
obtained between predicted and measured initiation times in SENB specimens under con-
stant applied load.20 

For a buried pipe in service, Davis et al.23 propose that equivalent reference stress
solutions can be derived for internal pressure and diametrical deflection loading. It can
be shown that for a pipe under internal pressure containing a radial crack at its inner sur-
face, the reference stress is

(21)

where p is the actual applied internal pressure, Ri and Ro are the inner and outer pipe radii,
respectively, and a is the radial crack length from the pipe inner surface. For the same
pipe under diametrical deflection, it can be shown that the reference stress is

(22)

where Δ is the applied defection, E is tensile modulus, b is pipe wall thickness, and Dm
is the pipe mean diameter. Therefore, if the reference stress is calculated for a given load-
ing condition in service, the empirical relationship for time-dependent craze strength of
a particular material can be used to predict failure.

However, it should be noted that this Craze Mechanics approach to service life pre-
diction assumes that the service lifetime is terminated upon crack initiation and subse-
quent crack growth is ignored. Therefore, the existing Craze Mechanics approach pro-
vides a lower than expected estimate of service lifetime and further development is
required to model stepwise crack growth based on craze behavior. 

VALIDITY OF SINGLE PARAMETER FRACTURE 
MECHANICS MODELS

While LEFM theory has been used to successfully predict failure times in PVC-U and
some older pipe-grade PE materials, its validity has been questioned for newer tougher
polymers such as Medium Density PE (MDPE) and grades of High Density PE (HDPE).
The metric for deciding the applicability of LEFM theory is the extent of crack tip plas-
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tic deformation that occurs during fracture property testing. If the stress perpendicular to
the crack is σyy and the distance from the crack is r, LEFM theory predicts that 

(23)

where K is the applied stress intensity factor. As shown in the schematic diagram in
Figure 7, a stress singularity is observed as r approaches zero, which is characteristic of
LEFM theory.

According to the (r–1/2) dependency in equation (23), LEFM theory predicts that the
stress right at the crack tip is infinite.16 However, if this were true, bodies containing
cracks would be unable to sustain any loads and have no strength at all. In reality, high
crack tip stresses in ductile materials such as PE materials are relieved by craze forma-
tion (over some length as shown in Figure 5) and the stress singularity is removed. 

As discussed above, LEFM theory ignores the details of events that take place in the
craze zone and simply uses a scaling parameter (the Stress Intensity Factor K) of the
stress field outside the craze zone to characterize the fracture behavior.21 However, craze
formation at the tip of a crack removes the stress singularity required by LEFM theory
and can compromise its validity. LEFM is valid when the craze zone is sufficiently small
to be engulfed in a stress field dominated zone, and all microscopic events happening in
the craze zone can be regarded as being controlled by the macroscopic stress field.
However, difficulties occur for tougher polymers (such as new PE materials), which pro-
duce larger craze zones. The separation of these craze zones absorbs a significant amount
of the work available for crack propagation and confers high toughness to these materi-
als such as the newer PE 100 materials. As discussed by Kanninen et al.,19 the criterion
for LEFM applicability is that craze length should be less than 6% of the ligament length
and where this level is exceeded, alternative methodologies should be applied. 

In the event that LEFM theory cannot be applied, it may be possible to model service
life using an EPFM approach. However, as discussed by Davis et al.,23 the applicability
of EPFM to very tough polymers can be questioned. While EPFM theory accounts for
plastic deformation that accom-
panies ductile fracture, actual
crack growth is required to occur
for the material J-R curves devel-
oped in EPFM to be physically
meaningful. As demonstrated by
Bernal et al.,15 some tough PE
materials form large crazes and
exhibit extensive crack blunting,
which appears as apparent crack
extension in laboratory tests but
merely represents plastic defor-
mation and collapse at the crack
tip. In this fully plastic regime,
the use of a single parameter

Figure 7—K dominant stress field and crack tip singularity
according to LEFM theory.
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fracture criterion (such as the J-integral) would be valid only if the cracked specimen
exhibited a relatively high level of stress triaxiality and crack tip constraint.15 In the
absence of such constraint, critical fracture resistance values would exhibit a size and
geometry dependence, and material J-R curves (determined from coupon-sized speci-
mens) would not be transferable to other geometries such as buried pipes. In these cases,
if crack blunting occurs instead of actual crack growth, the material J-R curve should be
linear rather than follow a power law. 

For those materials where EPFM is deemed inapplicable (i.e., crack blunting is
observed in J-Integral testing instead of crack growth), a Craze Mechanics-based model
should be adopted to predict pipe service lifetimes. 

CRITERIA FOR SELECTING A MODELING APPROACH 
FOR SERVICE LIFE PREDICTION

As discussed by Broberg,24 the material yield strength, its cohesive or craze strength,
and a quantity defined as the T-stress can be used to determine the mode of failure that
occurs at a crack tip in a polymer. According to Broberg24 the cohesive strength is the
stress required to separate a “unit cell” of material, where the unit cell is the smallest
material unit, which contains sufficient information about the crack growth properties of
the material. For the purposes of this study, it is assumed that a unit cell embodies the
crack tip craze and the craze strength is the stress required for craze separation and fail-
ure. For a given crack size and structure geometry, the T-stress represents the stress that
acts parallel to the crack plane (in contrast to K, which characterizes the stress perpendi-
cular to the crack plane). As described by Wang,25 the T-stress can substantially alter the
level of crack tip stress triaxiality (the presence of tensile stress on three orthogonal axes)
and influence crack tip constraint. For example, a positive T-stress strengthens the level
of crack tip triaxiality and leads to high crack tip constraint. Under these conditions, brit-
tle fracture rather than ductile yielding is promoted. In contrast, a negative T-stress
reduces the level of crack tip triaxiality and leads to the loss of crack tip constraint, and
under these conditions ductile deformation rather than brittle fracture is promoted. 

Figure 8 illustrates Broberg’s24 failure criterion diagram, which defines how T-stress,
material yield strength (σY), and cohesive strength (σC) combine to promote different fail-
ure modes at a crack tip. 

While the T-stress is calculated for particular combinations of defect size loading
condition and structure geometry,26 values of yield strength and cohesive strength must
be measured. Although measuring yield strength is straightforward, it is assumed (as a
first approximation) that the cohesive strength corresponds to the material craze strength,
which can be measured using the CDNT test.23

Broberg24 interprets the different regions in Figure 8 in terms of a crack tip “process
zone,” which is either encompassed by a region in an elastic stress state or a plastic stress
state. It is assumed in this study that the process zone referred to by Broberg24 is analo-
gous to the crack tip craze, which controls the process of crack initiation and growth.
While Broberg’s24 diagram provides an interesting insight into how relevant properties
combine to dictate the mode of crack tip failure, it also provides a practical method for
selecting a particular service life modeling approach for polymer pipes. Provided that
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values of T-stress, σY, and σC
can be obtained, Figure 8 can be
used to decide if single parame-
ter fracture mechanics theory
can be applied. For example, for
a given T-stress/σY ratio, if the
ratio σC/σY is sufficiently low
then a process zone develops in
an elastic environment. For
polymeric materials, this
process zone will take the form
of a crack tip craze and provided
that the craze length is less than 6% of the remaining un-cracked ligament thickness,
LEFM theory can be applied.19 In the intermediate case, a process zone develops within
a plastic environment and EPFM theory may apply, provided it can be demonstrated that
crack tip blunting does not occur. If crack tip blunting does occur, EPFM (and, by defi-
nition, LEFM) is invalid and a Craze Mechanics modeling approach should be adopted.
Finally, if σC/σY is sufficiently high, plastic flow develops with no process zone and fail-
ure occurs by plastic collapse rather than fracture. In this last case, the problem then
reduces to one in which the main effect of the crack is to reduce the cross-section of the
structure. As described by Bernal et al.,15 ultimate failure is predicted to occur by plastic
collapse of the remaining un-cracked ligament when the applied stress exceeds the mate-
rial yield strength.

SERVICE LIFE MODELING FOR PVC-U, PVC-M, AND PE PIPES

To illustrate how the above criterion can be applied in practice, this section demon-
strates how service life modeling approaches can be selected for PVC-U, PVC-M, and
four different PE pipe materials. Table 2 describes the materials investigated. 

Measuring Craze Strength σC

The craze properties of the range of polymeric materials detailed in Table 2 were
assessed using the CDNT test as described previously. CDNT specimens were produced
for the PE materials by compression moulding reground pipe material into rectangular
plaques, (195 mm × 135 mm × 20 mm thick). A rectangular mould was designed to hold
the required volume of raw material
and allow for excess molten material
to be forced out through channels
under compression. The mould was
compressed between two heating
platens up to a temperature of 200°C
and an applied platen pressure of 1
MPa. After compression for a period
of 3 h to ensure a uniform tempera-
ture distribution throughout the

Figure 8—T-stress and cohesive strength/yield stress ratios
with corresponding failure modes. Adapted from Broberg.24

Table 2—Pipe Material Grades Assessed
Using the CDNT Test for Craze Behavior

Sample Origin

PVC-U ............................................ Australia
PVC-M............................................. Australia
PE 80C (AUS)................................. Australia
PE 80B (AUS) ................................. Australia
PE 100 (AUS) ................................. Australia
PE 3408 (US).................................. USA



molten polymer, the mold was cooled rapidly to room temperature by passing coolant
through channels in the heating platens. In the case of PVC, pipes were first cut into sec-
tions approximately 200 mm by 200 mm square. These were then placed between steel
plates in an air-circulating oven at 115 to 120ºC for approximately 40 min. The heated
sections were removed from the oven and cooled slowly under a light load in a hydraulic
press. The cooling rate was controlled in such a manner to ensure that little or no distor-
tion of the specimens was caused by residual stress. Rectangular bar specimens (16 mm
× 16 mm × 120 mm long) were then cut from the PE and PVC plaques. It is acknowl-
edged that the different thermal history imposed by compression moulding compared to
pipe extrusion may result in different morphology and microstructure in CDNT speci-
mens. However, it is also noted that erasing the previous thermal history from pipe extru-
sion and imposing consistent processing conditions across all specimens ensures a more
accurate comparison. In the case of PE materials, it has previously been reported that
while thermal history can influence crazing and slow crack growth resistance, perform-
ance is primarily governed by the molecular weight and comonomer distributions of raw
materials. Since compression moulding will not change these attributes, its effect on the
ranking of materials will be insignificant. 
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Figure 9—Craze stress  σC versus failure time under static load for dif-
ferent PE materials in the CDNT test.23

Table 3—Craze Assessment Material Properties for the Assessed Materials

1000-h
1000-h Uniaxial

Cohesive Yield Calculated
Relevant Strength Strengh T-Stress

Sample Origin Standard (MPa) (MPa) (MPa)

PVC-U .................... Australia AS 1477 32.0 35.0 6.2
PVC-M.................... Australia AS 4765 38.1 31.0 8.8
PE 80C (AUS) ........ Australia AS 4131 14.0 10.2 4.0
PE 80B (AUS) ........ Australia AS 4131 15.1 7.0 4.0
PE 100 (AUS)......... Australia AS 4131 17.2 10.2 5.0
PE 3408 (US) ......... USA AWWA C-906 16.0 8.4 5.5

Note: Yield strength data from Burn et al.7 and Davis et al.23



Following the procedure outlined by
Pandya and Williams,20 a circumferential
notch was introduced into CDNT speci-
mens with a single point cutting tool of tip
radius < 20 μm by rotating the specimen in
a four-jaw self-centering chuck on a lathe
at low rotation speed. The notch tip was
sharpened, also on a lathe, such that the
final ligament/bulk area ratio was at least
1:10.19 Figure 6 shows a schematic of a CDNT test.

Craze behavior was assessed under constant load conditions at 20°C, with specimens
mounted in grips and connected to a pin-jointed lever arm. A mass was then applied at
the end of the lever arm to apply the required static tensile stress to the ligament. Local
craze extension was measured using a clip gauge extensometer.

Typical results of this test are shown in Figure 9 and empirical power law in the form

(24)

was fitted, where σC is the applied stress or cohesive stress, tf is the failure time, and A
and m are material constants. Values of the cohesive stress for each material assessed are
given in Table 3. To ensure a consistent comparison, cohesive stress values at an arbitrary
failure time of 100 h are compared.

Calculating T-Stress Values

One frequently observed defect type that can cause crack initiation and failure in poly-
mer pipes is an elliptical or “thumb-nail” shaped defect located at the inner surface of the
pipe (Figure 10).

Values of T-stress for different semi-elliptical cracks have been calculated previously
by Wang and Bell.26 Figure 11 shows the corresponding normalized T-stress solutions for
elliptical defects of different crack lengths. T-stress is normalized with respect to the
remote applied stress. In the case of a buried pipe, this will be the hoop stress at the pipe
inner surface.
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Figure 10—Elliptical surface crack. Adapted from
Wang and Bell.26

Figure 11—T-stress solutions for elliptical defects of different lengths.
Aspect ratio a/2c = 0.4.26



Figure 11 can be used to calculate the normalized T-stress for different crack length
to wall thickness ratios.

T-stress values for each case in Table 3 were calculated assuming an elliptical crack
with length to thickness ratio a/b < 0.2 at the inner surface of the pipe. For each case in
this hypothetical example, Figure 11 indicates that the ratio of T-stress to remote applied
tensile stress (perpendicular to the crack plane) is approximately 0.5.26 Therefore, assum-
ing a remote applied stress equal to the maximum allowable stress specified by the rele-
vant performance standard, the actual T-stress can be calculated (Table 3).

Applying Broberg’s Criterion for Model Selection 

As discussed, the ratio of measured craze strength (determined using the CDNT test)
and the material uniaxial yield strength can be combined with calculated T-stress values
used to determine the appropriate modeling approach to adopt for each polymeric mate-
rial. 

Using the values of σY, σC, and T-stress from Table 3, the deformation state at the tip
of the defect in each material can be determined. Figure 12 shows the different crack tip
deformation states that would exist based on yield strength and cohesive strength values
at 1000 h. Ideally, for long term predictions, analysis at times exceeding 1000 h should
be carried out to ensure that the determined failure mechanisms are still valid.

As shown in Figure 12, Broberg’s24 criteria suggests that PVC-U and PE 80C would
exhibit a crack tip craze zone in an elastic environment, indicating that LEFM theory may
be applicable. However, as discussed by Davis et al.,23 a series of SENB tests on PE80C
indicated craze lengths exceeding the 6% threshold stipulated by Kanninen et al.19 This
is also reflected by the proximity of PE 80C to the boundary between elastic deformation
and plastic flow regimes in Figure 12. This indicates that LEFM cannot be applied to the
PE 80C material. 

For PVC-M, Broberg’s24 criteria suggest that the crack tip would be surrounded by an
elastic environment and again indicates that LEFM theory may be applicable. However,
this is in contrast to the observed ductile failure mode that is observed during fracture
testing of this material, which indicates that LEFM cannot be applied.7 However, it
should be noted that, as shown in Figure 12, the stress state described for PVC-M is clos-
er to that for PE 80C than PVC-U, which may indicate that some ductility can be expect-
ed to accompany fracture. The inability of Broberg’s24 criteria to clearly identify ductile
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Figure 12—Pipeline
materials mapped to
T-stress and cohesive
strength/yield stress
ratios.



failure in PVC-M may be attributed to the absence of the fibrillated craze mechanism in
CDNT tests on PVC-M. While inspection of PVC-M specimens indicates stress whiten-
ing and ductility, the craze formation mechanism which is observed in PE materials does
not appear to occur. Therefore, it is not clear if CDNT tests on PVC-M samples actually
measure cohesive strength for use in Broberg’s24 criteria. Further work is required to val-
idate the applicability of the CDNT test for PVC-M materials. 

For PE80B, PE100, and PE 3408, the resulting crack tip craze will be embedded in a
region of plastic flow indicating that although LEFM theory cannot be applied, EPFM
may be valid. However, as described above, a check should also be made that crack tip
blunting does not occur before EPFM theory can be adopted. As described by Williams,13

if crack tip blunting is occurring rather than crack growth in J-integral testing, a theoret-
ical blunting line can be defined as 

J = 2σyΔa (25)

where J is the measured material J-crack growth resistance, σy is the material yield
strength, and Δa is the recorded crack growth. Figure 13 compares experimental J ver-
sus Δa material curves with theoretical blunting lines for each PE material. 

As shown in Figure 13, the experimental points of the J-R curves for each of these PE
materials lie very close to their corresponding theoretical blunting lines. This indicates
that observed crack growth in these tests is apparent and is actually due to crack tip blunt-
ing and associated plastic deformation. Consequently, the use of EPFM is also invalid for
these materials and a Craze Mechanics modelling approach for service life prediction
should be adopted. 
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Figure 13—Comparison of J-R data with theoretical blunting line for PE materials. Data from
Davis et al.23
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Selecting Defect Size for Model Applications

The main problem with applying service life prediction methods is the selection of an
appropriate defect size. Predictions from both traditional fracture mechanics and Craze
Mechanics approaches are sensitive to defect size, yet there are no non-destructive test-
ing technologies that can measure the size of defects for pipes in-service. One possible
approach to obtain defect size information is to examine fracture surfaces from previous
failures that have occurred in service. Careful extraction and examination of fracture sur-
faces can often reveal the location of crack initiation, and, in some cases, the size of the
defect that was responsible. While this provides a biased estimate (i.e., cracks initiate at
the largest defects), it also provides a “worst case” estimate of defect size. An example
of this kind of approach is reported by Davis et al.,27 who examined fracture surfaces
from a large number of PVC-U pipes failures in Australia. While inherent variation in
defect size was clearly observed, a maximum defect size of 1 mm was reported. It is pro-
posed that this can be used as a current “worst case indicator.”  

Since failure rates in PE pipes are lower than those reported for PVC-U pipes (Table
1), it is more difficult to estimate defect size from PE pipe fracture surfaces. However,
Chudnovsky et al.28 report defect sizes found in fracture surfaces from notched tensile
tests on PE. According to Chudnovsky et al.,28 an expected maximum defect size of 0.62
mm was reported. However, it is noted that these test samples are not necessarily repre-
sentative of extruded pipes and the study conducted by Barker et al.29 is perhaps more
useful. In a laboratory study of fatigue fracture resistance of PE pipes, Barker et al.29

examined fracture surfaces from failed pipes and reported defect sizes that caused fail-
ure. Examination of the data from this previous study indicates a maximum defect size
of 0.95 mm.

It is acknowledged that current pipe extrusion processes may include filtration that
reduces the size of inherent defects that are included in the pipe wall. However, in the
absence of available data, a maximum defect size of 1 mm is assumed for the purposes
of illustrating how service life models can be applied. 

Example Service Life Predictions

Broberg’s24 criterion indicates that while service life prediction for PVC-U pipes can
be modelled based on LEFM theory, single parameter fracture mechanics is invalid for
all PE materials. In these cases, a Craze Mechanics-based model should be adopted.
Whilst precise details can be found elsewhere in the literature,7,27 equations (2) to (6) and
(19) to (22) can be used to predict service lifetimes of the PVC-U and PE pipes assessed
in this study under different operating and installation conditions. For example, if we

Table 4—Lifetimes for Different Pipe Materials

Pipe Type Lifetime Methodology Estimated Pipe Life (years)

PVC-U................................. LEFM 170
PE 80C (AUS)..................... CM 195
PE 80B (AUS)..................... CM 479
PE 100 (AUS) ..................... CM 577
PE 3408 (US)...................... CM 574
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assume damage at the internal pipe surface of 1 mm and an operating pressure of 0.8
MPa, the time to first failure of a pipe can be determined. Table 4 shows examples for
each pipe material considered. For PVC-U, a 100 mm diameter class PN16 pipe was ana-
lyzed,30 whilst for PE, 110 mm SDR 11 pipes were analyzed.30

As shown, extended failure times are predicted for PE pipes in these hypothetical
examples. As suggested previously, the realization of these extended failure times will
depend on the level of heat stabilizer that is included in the raw material. If this stabi-
lizer package is consumed within these predicted time frames, then a transition to Stage
III failure may occur (see Figure 1). Further work is required to identify if such a tran-
sition exists in these materials at ambient temperatures. 

CONCLUSIONS

A methodology has been proposed that allows the lifetimes of plastic materials to be
determined, based on LEFM, EPFM, or Craze Mechanics theory. To check the validity
of the relevant theory for a range of plastics materials, static craze strength and uniaxial
yield strength data were combined in Broberg’s24 assessment criteria for the stress state
ahead of a defect or a crack. Results indicate that the PVC-U materials can be character-
ized using LEFM. However, for the range of PE materials assessed, LEFM theory was
found to be invalid even though Broberg’s24 methodology predicted one material
(PE80B) would be suitable by assessment using LEFM procedures. In this case, applica-
tion of LEFM was invalid because length of the crack tip craze exceeded the maximum
threshold level of 6% of the remaining ligament.

An alternative to LEFM may be to use EPFM theory to analyze ductile fracture. In
this engineering approach, ductile fracture is predicted based on the crack tip character-
izing parameter known as the J-integral. However, comparisons with theoretical blunting
lines were also made to determine the validity of the EPFM to PE. The theoretical blunt-
ing line represents the apparent increase in crack length from blunting at the crack tip due
to local yielding and collapse, rather than actual crack growth. The experimental data
points obtained for all PE materials were close to their corresponding theoretical blunt-
ing lines, indicating that a fully plastic regime exists at the crack tip in these materials.
This indicates that EPFM may not be valid and cannot be transferred to other structures,
such as pipes containing defects. For these materials, an alternative service life modeling
approach, based on behavior in the crack tip craze zone using Craze Mechanics to pre-
dict failure times, should be adopted. 
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INTRODUCTION

Geogrid is a two-dimensional grid-like polymeric material which consists of connect-
ed parallel sets of intersecting ribs with apertures to allow strike-through of surrounding
soil, as depicted in Figure 1. The primary function of the geogrid is reinforcement for
walls, slopes, foundations, and roads; they are subjected to constant stresses and under-
go creep deformation during their service life.1-3 To account for such deformation, a creep
reduction factor is incorporated into the design to ensure the integrity of the structure and
to minimize the deformation. Since the reduction factor is calculated from the creep prop-
erties of the geogrids, the long-term creep behavior must be appropriately evaluated, par-
ticularly for design lives of 50 to 100 years. 

Chapter 13

Predicting the Creep Behavior of High Density
Polyethylene Geogrid Using Stepped 

Isothermal Method
S.-S. Yeo and Y. G. Hsuan

Dept. of Civil, Architectural, and Environmental Engineering, 
Drexel University, Philadelphia, PA 19104 

The creep behavior of a high density polyethylene (HDPE) geogrid used for
soil reinforcement applications was evaluated using two accelerated creep
tests: Time-Temperature Superposition (TTS) and the Stepped Isothermal
Method (SIM). TTS has become a well-accepted method to evaluate viscoelas-
tic behavior of polymeric materials, while SIM is a relatively new accelerated
creep test that was initially developed to evaluate polyethylene-terephthalate
(PET) geogrids. However, the applicability of SIM has not been extensively
studied for HDPE geogrids. 

In this chapter, variations in the three test parameters of SIM (i.e., tempera-
ture increment, dwell time, and applied load) were investigated. As recom-
mended in ASTM D 6992, a temperature increment of 7°C and a dwell time of
104 seconds were found to be suitable for the testing of HDPE geogrids. On
the other hand, a new analytical procedure was implemented to generate the
creep master curve. The creep properties obtained from SIM and TTS were
similar at 20 and 30% ultimate tensile strength (UTS). The geogrid exhibited
primary creep at 10 and 20% of UTS, while secondary creep was detected at
30 and 40% UTS. Furthermore, the activation energies at different applied
loads from both accelerated creep methods were determined and their values
ranged from 140 to 200 kJ/mol. 



Creep refers to a time-dependent deformation process occurring at tensile loads less
than the initial tensile strength of a material.4 The creep property varies with the type of
polymer, exposure temperature, glass transition temperature, Tg, and melting tempera-
ture, Tm, of the polymer. Geogrids are commonly made from four types of polymers: high
density polyethylene (HDPE), polypropylene (PP), polyester-terephthalate (PET), and
polyvinyl alcohol (PVA). Depending on the manufacturing processing, polymer is drawn
to different degrees, leading to various creep responses among the geogrids. Ideally, the
creep behavior of geogrids should be evaluated according to ASTM D 5262, which
requires a minimum of 10,000 hours (~ 1.1 years) testing time to obtain data at a labora-
tory ambient condition. The creep data is then extended to one log cycle (e.g., from
10,000 to 100,000 h) with limited confidence. However, this extrapolation falls far short
of the expected design life for these materials, which is typically between 50 and 100
years5 or equivalently 400,000 to 800,000 h. Therefore, accelerated creep tests are com-
monly utilized to evaluate the creep behavior. The time-temperature superposition (TTS)
principle, in which the testing time is reduced by elevating the test temperature, has been
widely applied in laboratory accelerated creep tests. The result of the TTS creep test
yields a master curve with duration much longer than the individual creep test at elevat-
ed temperatures.4,6,7 According to the Boltzmann superposition principle (BSP), in a
creep test the total strain of the test specimen is equal to the sum of the strain of each
independent event.8

In the last ten years, the Stepped Isothermal Method (SIM) has been introduced to
evaluate the creep property of geogrids. SIM combines both TTS and BSP by subjecting
a single specimen to a series of temperature steps under a constant load to generate a
sequence of creep responses.9-11 A similar test procedure has also been used to assess the
creep behavior of polymethyl-methacrylate (PMMA) by Sherby and Dorn.12 The major
difference of SIM and TTS is the accumulated strain in the test specimen. In SIM, the
induced creep strain at each temperature step is not removed, but accumulated in the test
specimen. A new specimen is used for each test temperature in TTS; thus, test specimens
do not have a strain history.   

The validity of SIM has been investigated by comparing its creep data with those
obtained from the TTS tests on different types of geogrids. Thornton et al.10 compared
SIM and TTS with PET yarns and found good agreement between the results for these
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Figure 1—Various types of geogrids
used in reinforcement applications.



two test protocols. They also recommended temperature increments and dwell times (i.e.,
isothermal duration) for testing PET geogrids and these parameters have been incorpo-
rated into ASTM D 6992. Baker and Thornton13 evaluated the creep properties of the PP
woven geotextile. They found good agreement in the creep data between SIM and TTS.
Lothspeich and Thornton14 used SIM to evaluate the creep behavior of HDPE, PP, PET,
PVA, and polyamide (PA) geogrids. They found that HDPE and PP were more sensitive
to creep deformation than the others; however, they did not verify creep data with TTS. 

The applicability of SIM on the HDPE geogrid has not been thoroughly evaluated and
a comprehensive assessment is needed. The HDPE geogrid is in a rubbery state at the test
temperature range, while the PET geogrid is in a glassy state. Furthermore, the HDPE
geogrid has a relatively low melting point compared to geogrids made from other types
of polymers. Therefore, plastic deformation would dominate the creep behavior of
HDPE, particularly at high testing temperatures. The accumulated strain that is induced
in SIM may have a significant effect on the overall creep behavior of the HDPE geogrid,
leading to a different creep deformation than from the TTS test. 

In this study, the creep behavior of the HDPE geogrid was evaluated using both SIM
and TTS. The effects of temperature steps, dwell times, and applied loads on the data of
SIM were investigated. Furthermore, the analytical procedure employed to generate the
SIM creep master curve was different than that described in ASTM D 6992. The result-
ing creep master curves from both SIM and TTS are compared and the differences are
identified and discussed in this chapter. 

TEST MATERIAL AND APPARATUS

A unidirectional HDPE geogrid was used in this study. The geogrid is made by draw-
ing a HDPE sheet with pre-punched holes in one direction to create the highly oriented
ribs. The draw ratio varies from product to product with a minimum of 8 to 1. Table 1
shows the physical and mechanical properties of the geogrid. 

The tensile and creep tests were performed using Instron® 5583 with Merlin® software
for load control and strain measurement, as depicted in Figure 2. The deformation of the
specimen was determined by the cross-head movement, which was then divided by the
initial gauge length to obtain the strain value. A set of box-type grips was used to hold
the geogrid test specimen. The test specimen with three parallel ribs was mounted to the
grips and then the two outer ribs were cut. This mounting method provided uniform 
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Table 1—Selected Physical Properties of the HDPE Geogrids

Property Test Standard Value

Unit weight (g/m2) ASTM D 5261 826

Density (kg/m3) ASTM D 1505 949

Aperture size (mm)
MD
XD Direct measurement 121 ± 2

5 to 15 (oval)

Note: MD = machine direction; XD = cross-machine direction



loading to the central single rib. The test temperature was controlled by the environmen-
tal chamber. The accuracy of the temperature in the chamber was ± 0.5°C. 

TENSILE STRENGTH

The tensile test of the geogrid was performed using a procedure similar to that
described in ASTM D 6637. The reference temperature of these tests was 20 ± 2°C. The
load/deformation curve is shown in Figure 3. The loci of failures invariably occurred
near the middle of the specimen. The reported mean tensile strength is the average of six
replicates. The average ultimate tensile strength (UTS) was 1.92 kN (± 0.085 kN). The
UTS value was used to calculate different applied loads for the accelerated creep tests. 

SIM PROCEDURES AND DATA ANALYSIS

The SIM tests on the HDPE geogrid were performed according to ASTM D 6992.
Table 2 shows the values that were applied to the three test parameters to investigate their
effects on the creep data. The test specimen was first brought to equilibrium at 20 ± 1°C
for 2 h. The test was started by loading the specimen at a strain rate of 10% of gauge
length to reach the desired load. The times to achieve each new temperature were approx-
imately 2 and 3 min for 7 and 10°C temperature steps, respectively. The overshoot of the
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Figure 3—Load/deformation
curves of geogrids.

Figure 2—Pictorial view of
the test apparatus for the
SIM tests.



target temperature was prevented by a cooling device. The creep deformation was auto-
matically recorded.  

The procedure for generation of the creep master curve is described in ASTM D 6992.
The most important step in the data analysis procedure is the implementation of the vir-
tual time, ti’ for i= 1,2,…n, as shown in Figure 4a. Thornton et al.9,10 indicated that ti’
should be used for rescaling the creep curve at each temperature step except for i=1, the
first curve. If a new specimen is used at each temperature step, the beginning of the creep
curve should start at an earlier time than the onset time for a new temperature, ti. The way
to determine ti’ is by iteratively varying duration of ti’ until the initial slope of the creep
curve seamlessly intersects the final strain for the previous curve.15 In this case, there is
no discontinuities between creep curve segments. The total creep deformation equals the
sum of the contributions from individual creep segments, assuming that BSP is applica-
ble to the test data. 

Table 3 shows the difference between the virtual time and the segment onset time at
each temperature step for the HDPE geogrid together with the PET geogrid as compari-
son. The HDPE geogrid exhibits a much larger time difference, ti – ti’, than does the PET
geogrid. This is probably because the HDPE geogrid is more susceptible to creep defor-
mation than PET is at the test temperature. In addition, the high thermal expansion of the
HDPE geogrid certainly introduces error to the beginning of the creep curve. Therefore,
BSP is not applicable and the initial portion of each creep should not be included in the
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Table 2—Experiments Conducted using Stepped Isothermal Method (SIM)

Conditions

Parameters Temperature Applied Stress
Increment (°C) Dwell Time (s) (% UTS)

Temperature increment (°C) 7 and 10 104 30
Dwell time (s) 7 2500, 5000, 10000 30
Applied stress (% UTS) 7 104 10, 20, 30, 40

Table 3—Comparison between the Virtual Time and Starting Time for the HDPE and PET
Geogrids

PET Geogrid HDPE Geogrid
Temperature

Step Segment Virtual Segment Virtual
i Starting Starting Starting Starting

Time Time ti–ti’ Time, Time, ti–ti’
ti (s) ti’ (s) (s) ti (s) ti’ (s) (s)

1 0 0 0 0 0 0
2 10080 9850 230 10101 7890 2211
3 20100 19850 250 20061 18052 2009
4 30120 29850 270 30081 28280 1801
5 40080 39850 230 40101 38250 1851
6 N/A N/A N/A 50061 48030 2031
7 N/A N/A N/A 60201 57030 3171

Note: Reference temperature (i.e., Step 1): 20°C; temperature increments: 14°C for the PET geogrid and
7°C for the HDPE geogrid.



data analysis. The new procedure to analyze the resulting creep data is illustrated in
Figures 4b to 4d, and is called the modified SIM (MSIM) in this chapter. Figure 4b
shows a series of creep strain curves versus time under a constant applied load at differ-
ent isothermal steps. The creep curves at elevated temperature steps are rescaled to the
reference temperature (e.g., 20°C) along the log scale of time axis by eliminating the
onset time of each temperature step (i.e., t1, 2, 3, etc.) as shown in Figure 4c. After elimi-
nation of the initial segments, the creep master curves for creep strain is generated by
horizontal shifts of the creep curves at elevated temperatures, as shown in Figure 4d. In
this procedure, vertical shifts are required due to the elimination of initial parts of each
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Figure 4—Procedure to generate a creep master curve from test data of SIM and
HDPE geogrid.

Figure 5—Creep master curves obtained from modified SIM and stan-
dard SIM procedures.



creep curve at elevated temperatures. On the molecular scale, the vertical shifting can be
explained by the influence of changes in the crystalline structure of polyethylene on its
relaxation modulus with temperature.16,17

Figure 5 shows two master curves obtained from SIM and MSIM procedures at 30%
UTS using 7°C temperature increment and 104 s dwell time. The two master curves are
similar; however, their activation energies were found to be very different and will be
presented in a later part of this chapter.

RESULTS OF SIM 

Repeatability of MSIM

The repeatability (i.e., variability of the test within a single laboratory) of SIM was
investigated by performing three replicate tests to obtain statistical significance. A stress
ratio, the ratio of the applied load versus UTS, of 30% was used. The resulting three mas-
ter curves are shown in Figure 6. The creep strain values at times of 104 h (~ 1 year), 105

h (~ 11 years), and 105.6 h (~50 years) were arbitrarily selected to provide a quantitative
comparison. The average creep strain and the standard deviations are summarized in
Table 4. Data indicate a good agreement among the three SIM tests. 
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Figure 6—Creep master curves of three replicate tests based
on 30% UTS with a junction.

Table 4—Statistical Significance for SIM at 30% UTS

Creep Strain (%) Standard
Deviation

Time (h) Test 1 Test 2 Test 3 Average (%)

104 (~1 year) 9.09 9.70 9.24 9.35 0.32

105 (~11 years) 11.52 11.90 11.96 11.79 0.24

105.6 (~50 years) 16.72 16.47 16.49 16.56 0.14



Effect of Temperature Increment

Tests using temperature increments of 7 and 10°C were conducted. The 7°C is the rec-
ommended value in ASTM D 6992. The 10°C was selected so that there would not be a
large increase in creep strain when the temperature increased. Test specimens were sub-
jected to a constant load stress ratio of 30% UTS and a dwell time of 10,000 seconds.
Both treatments were terminated at a maximum temperature of 70°C. As shown in Figure
7, the creep properties using two different temperature increments are very similar. Thus,
it was found that the creep properties are not sensitive to variation in the magnitude of
the temperature increment as long as the same testing temperature range is applied on the
specimen. 

Effect of Dwell Time 

Different dwell times of 2500, 5000, and 10000 s were evaluated using temperature
increments of 7°C and an applied load of 30% UTS. An increment of 10000 s is recom-
mended in ASTM, while 2500 s and 5000 s were selected here to observe the effect of
dwell time on the early part of the creep curve. The resulting three master curves are
shown in Figure 8. The maximum temperatures were 83, 76, and 69°C for dwell times of
2500, 5000, and 10000 s, respectively. The creep master curves obtained from these three
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Figure 7—Effect of temperature
increment on SIM.

Figure 8—Effect of dwell time
(thin line: dwell times of 2500
and 10000 s; thick line: dwell
time of 5000 s).
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different dwell times are very close. Hence, dwell times within the tested range did not
affect the creep result for the study HDPE geogrid. On the other hand, Thornton et al.10

have performed SIM on PET filaments using dwell times of 1000, 10000, and 100000 s.
They found a large difference between 1000 and 10000 s. Therefore, dwell time of 10000
s is appropriate to cover both the HDPE and the PET geogrids. 

Effect of Different Percentages of UTS

Four tests were performed using stress ratios of 10, 20, 30, and 40% of the UTS. The
tests were performed using temperature increments of 7°C and dwell times of 104 s.
Figure 9 shows a series of creep curves at four different percentages of UTS, and Figure
10 shows their corresponding creep master curves using the MSIM procedure. While the
creep master curves at the 10 and 20% stress ratios exhibit a linear behavior, a non-lin-
ear behavior was observed at the 30 and 40% stress ratios. Sherby-Dorn plots12 were con-
structed to illustrate different creep stages of the four creep tests, as shown in Figure 11.
At 10 and 20% UTS, the strain rate [linearly] continuously decreases as the creep strain
increases, indicating the geogrid is undergoing a primary creep deformation. In contrast,
the secondary creep stage is observed, as indicated by the constant creep strain rate after
the primary creep stage at 30 and 40% UTS. The onset of the secondary creep occurs at

Figure 9—Creep test data from
SIM at different percentages of
UTS.

Figure 10—Creep master curve at
different percentages of UTS.
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a strain exceeding 10% at 30 and 40% stress ratios. The same behavior over 10% of creep
strain was also reported by Lothspeich and Thornton14 on their HDPE geogrid sample. 

Figure 12 shows four isochronous curves at 1, 10, 50, and 100 years, which were gen-
erated from the creep master curves in Figure 10. The isochronous plot (i.e., percentage
of UTS versus strain) exhibits nonlinear behavior and can be fitted with a logarithmic
equation having the form

(1)

where: σ = the applied load (kN), ε = strain (%), and  A and B = material constants 
Ingold et al.18 suggested a 10% strain limit strain, corresponding to a load limit of 0.48

kN (23.5%), for a reinforcement wall with 100-year design life. Den-Hoedt19 also recom-
mended a load level less than 25% UTS for polyethylene (PE) geotextile used in rein-
forcement applications. In this study, the 10% strain corresponds to a load limit of 24%
of UTS for a 100-year design life. 

TTS PROCEDURES AND DESIGNS 

The TTS tests were performed based on procedures described in Farrag and Shirazi.20

The test specimen was brought to equilibrium at the test temperature for 2 h and was then

Figure 11—Sherby-Dorn plot
for creep results in Figure 8.

Figure 12—Isochronous curves
from Figure 9 at various times.
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loaded at a strain rate of 10% of the gage length per minute. The test duration was 104s
at each temperature. A new test specimen was used for each test temperature. The test
temperatures were 20, 27, 34, 41, 48, 55, and 62°C. Two applied loads at 20 and 30%
UTS were tested. Figures 13a and 13b show the TTS test data at 20 and 30% UTS,
respectively. The creep master curve at each applied load was generated at a temperature
of 20°C by shifting the creep curves along the log-time axis. 

COMPARING CREEP DATA BETWEEN TTS AND SIM

Figure 14 shows two sets of creep master curves at 20 and 30% UTS obtained from
TTS and SIM procedures. The two master curves in each set are relatively similar. The
discrepancies in creep strains at 50 years are 0.9% and 0.12% for 20 and 30% UTS,
respectively. The results suggest that the strain history at each temperature step does not
have a significant effect on the creep behavior of the HDPE geogrid. 

CREEP MECHANISM

The creep mechanism of SIM and TTS is evaluated using the activation energy, which
is obtained by plotting the shift factor (aT) against reciprocal test temperatures according
to Arrhenius equation, as expressed in equation (2):

Figure 13—Creep test data
from TTS at 20% (a) and 30%
(b) UTS.



216

(2)

where: Q = activation energy, R = gas constant, T = temperature, 
Tref = reference temperature 

Table 5 shows the activation energy values of six creep tests based on MSIM and TTS
procedures with a dwell time of 104 s. At the 20% UTS, the energy values of SIM and
TTS are very close, while a lower value was obtained from MSIM at 30% UTS. In addi-
tion, the activation energy decreases as applied load increases from 20 to 40% UTS.
Sherby and Dorn12 accounted for this behavior by contending that stress decreases the
thermal energy required for polymer flow.

Comparing the activation energy between MSIM and SIM from the same sets of test
data, SIM yields much higher energy values. This is because MSIM requires less hori-
zontal shifting than does SIM due to the large vertical shifting caused by the elimination
of initial portion of each creep curve. 

However, creep tests that were performed using a dwell time of 104 s exhibit much
higher activation energies than published values. Govaert et al.21 found an activation
energy value of 118 kJ/mol for PE fibers. Cembrola and Stein22 obtained an energy value

Figure 14—Comparing between
SIM and TTS (thin line: TTS,
thick line: SIM).

Table 5—Activation Energies Based on Horizontal Shift Factor

Hsuan and Lothspeich and
Load This Work Yeo24 Thornton14 Farrag23

(% UTS)
MSIM TTS SIM SIM TTS

(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)

Dwell time = 104 s Dwell time = 103 h
10 190 — 302 91 (19% UTS)
20 200 217 257 102 (23% UTS)
30 175 ± 6 202 227 ± 10 230 (37% UTS) 96 (31% UTS)
40 140 — 198
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of 85 ± 30 kJ/mol by studying the stress relaxation of an oriented HDPE. In contrast, sim-
ilar activation energies were obtained by Farrag and Shirazi20 and Farrag.23 They per-
formed creep tests using TTS with test durations of 103 h at each temperature. The acti-
vation energies calculated from the shift factors at different applied loads are also pre-
sented in Table 5. 

It seems that the duration of the test at each temperature segment plays an important
role in the mechanism of the accelerated creep tests. Caution must be carried out when
short-term SIM and TTS procedures are used to evaluate the creep properties of new
geosynthetics.  

CONCLUSIONS

For the SIM test procedure, the temperature increments of 7°C and dwell time of 104s
that are recommended in ASTM D 6992 were found to be applicable for HDPE geogrids.
At stress ratios of 10 and 20% of UTS, only primary creep was observed in the HDPE
geogrid; the secondary creep stage was observed at stress ratios of 30 and 40%. 
The creep master curves obtained from MSIM and TTS are very similar, while their acti-
vation energies are slightly different. In addition, the activation energies of these short-
term accelerated creep tests are much higher than those from the long-term creep tests,
suggesting that different mechanisms may be involved. 
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INTRODUCTION

Electric wire and cable used in the containment vessels of nuclear power plants are
exposed to low dose radiation during their expected 40-year lifetime. Practical tests for
qualification of these materials require a short irradiation time. The materials in the con-
tainment vessel are also aged by the relatively modest heat during its working period. The
temperature is estimated to be 40°C to 50°C depending on the type of power plant and
the position of the container vessel. Assuming that the result of radiation-induced degra-
dation at room temperature defines the rate constant of the decay of a certain property of
the material by radiation alone and there is no synergistic relationship between heat and
radiation on the degradation of the polymer, sequential exposure of radiation and heat has
almost the same effect as simultaneous addition of the two chemical stresses. 

Chapter 14

Methodology Study of Qualification of Electric
Wire and Cable Used in Nuclear Power Plant

Masayuki Ito

Advanced Research Institute for Science and Engineering, Waseda University,
245-26 Nakamachi, Kodaira, Tokyo 187-0042, Japan

Electric wire and cable used in the containment vessel of a nuclear power
plant are exposed to weak radiation for the lifetime of the plant, which is
expected to be more than 40 years. In addition, the materials in the vessel are
predicted to be exposed to a higher thermal-radiation environment under a
Loss of Coolant Accident (LOCA). LOCA is the basis for the design of power
plants. The radiation dose and the temperature depend on the type of nuclear
power plant. The maximum temperature and dose estimated in LOCA condi-
tions is 150ºC and 2 MGy, respectively, in pressurized water reactor. The prop-
erties of the wire and cable are also degraded by various stresses including
steam and chemical spray added under LOCA conditions. This chapter demon-
strates the importance of the synergistic relationship between thermal and
nuclear radiation exposure in the heat- and radiation-induced degradation of
elastomers used in electric wire and cable. 

This chapter describes an apparatus demonstrating LOCA conditions and
gives examples of the test results. A procedure for the test with a particular
emphasis on a valid accelerated irradiation condition and the synergistic rela-
tionship between heat and radiation on the degradation of elastomers is sug-
gested. The suggestion proposes an ordering of the deteriorating factors added
during LOCA conditions to establish an efficacious qualification procedure.



A previous article1 compared two methods of time-accelerated aging and showed that
two methods were available for time-accelerated irradiation. 

In addition, test methods need to consider the condition of loss of coolant accident
(LOCA). The cables in the containment vessel are exposed to high dose-rate radiation,
high temperature steam, and chemical (or water) spray simultaneously during LOCA.
The maximum temperature during LOCA is expected to be 171°C for a boiling water
reactor (BWR) and 150°C for a pressurized water reactor (PWR); the duration is expect-
ed to be less than 10 h.2,3 After LOCA, the materials in the containment vessel are aged
under a relatively mild thermal-radiation environment from about 100 days to one year. 

The objective of this review is to study the methodology for qualification of electric
wire and cable for use in nuclear power plant containment vessels and to suggest meth-
ods to improve the technical basis for establishing standard tests. 

NORMAL CONDITION

Time Accelerated Irradiation Condition

From a practical point of view, accelerated aging methods for electric wires and cables
require high dose-rate irradiation to shorten the exposure time. It has been pointed out
that the exposure of polymers in air results in the oxidation of only the surface when the
dose rate is high.4,5 Dissolved oxygen in the polymer is consumed by the reaction with
free radicals generated by irradiation. Therefore, when the rate of consumption of oxy-
gen is faster than the rate of diffusion from the surrounding atmosphere to the inside of
the polymer, oxidation occurs only in the regions near the surface of the sample. 
Clough and Gillen et al. reported the occurrence of heterogeneous degradation, and have
summarized those results.6 They developed a modulus profiling technique7,8 based on
“Time-Temperature-Dose rate superposition.”9 Seguchi et al. studied the “thickness of
oxidized layer-oxygen concentration-dose rate relationship.”10,11

In a previous article,1 I reported that polymer degradation obeyed the “law of reci-
procity”; that is, a short irradiation exposure at high dose gave the same change in prop-
erties as a long exposure at low dose. Nine kinds of EPDM, which have different com-
pounding formulas, were used. Specimens were exposed to different doses of Co-60 γ
radiation; the maximum dose was 2 MGy. The reference condition to be compared with
two short-time test conditions is irradiation of 0.33 kGy/h at room temperature. Two
methods were studied as the time-accelerate irradiation conditions:

(1) Irradiation of 4.2 kGy/h in 0.5 MPa oxygen at room temperature. 
(2) Irradiation of 5.0 kGy/h in air at 70°C.

After irradiation the mechanical properties of samples were measured at room temper-
ature. The stress-strain relationship at a small strain gives us Young’s modulus, which is
proportional to network concentration of an elastomer. Since Young’s modulus is one of
the fundamental physical properties, it is important in the time-accelerated test method to
compare the relationship between the dose and Young’s modulus obtained by each
method. For practical convenience, modulus at 50% strain or modulus at 100% strain is
used instead of Young’s modulus in the rubber chemistry. The changes in 100% modulus
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suggest that irradiation in 0.5 MPa
oxygen slightly increases molecular
chain scission reactions and irradia-
tion at 70°C slightly increases
crosslinking, compared with the
results obtained under the reference
conditions. The deviation was about
± 0.25 for 100% modulus and ± 0.5
for ultimate elongation throughout
all doses, where the value obtained
at the reference condition is referred
to as 1.0. Thus, it was found out that
the two methods mentioned above
are available as time-accelerated
irradiation conditions. From a practi-
cal viewpoint, irradiation at 70°C in
air is preferable to irradiation in
pressurized oxygen. 

Synergistic Relationship between Heat and Radiation

If there is additivity of changes in a certain property of the polymer by heat, Kh, and
by radiation, Kr, the rate constant of simultaneous addition of heat and radiation, Kh+r,
is shown in equation (1):

Kh+r = Kh + Kr (1)

In this case, a sequential addition of heat and radiation to the polymer can be used for
qualification testing. The Arrhenius law might be used to determine the temperature for
time-accelerated thermal aging of the polymer, or we could use an empirical relationship,
i.e., an increase of 10°C typically increases the rate of oxidative chemical reaction by two
times. Based on the empirical low, the damage to the polymers after 40 years at 40°C cor-
responds to that after 56.3 days at 120°C. For qualification under IEEE Std. 323-1974,
500 kGy is taken as the dose exposed during 40 years.2 This dose can be applied by using
the short-time condition shown in the previous article1: dose rate 5.0 kGy/h at a temper-
ature of 70°C for 100 h. If there is additivity between heat and radiation in the degrada-
tion of polymers, the sequential addition of the heat aging (120°C, 56.2 days) and radia-
tion under the conditions mentioned above can be used for the qualification testing. 

This section compares the additive and synergistic relationship between heat and radi-
ation on the degradation of elastomers. Figure 1 shows the elongation retained for
EPDM-7 aged by heat and/or radiation.

The decay curves are expressed by equation (2): 

e/e0 = exp (–k t) (2)

where e0 is the ultimate elongation of non-aged sample, e is that of the sample degraded
by heat and/or radiation at time t, and k is the rate constant of the decrease in ultimate
elongation. The rate constant of decrease in ultimate elongation by heat or radiation was
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Figure 1—Decrease in elongation retained of EPDM-7
by heat and/or radiation. Dotted line shows the expected
values based on an additive relationship between
decrease rate of elongation retained by heat and that by
radiation, i.e., the gradient of dotted line is Kh + Kr
shown in equation (3). 



defined as kh or kr, respectively. If there is no synergistic relationship between heat and
radiation on the rate constant of decrease in ultimate elongation, the rate constant of the
combined addition of heat and radiation, kh+r, should be expressed by equation (3):

kh+r = kh + kr (3)

The dotted line in Figure 1 refers to kh + kr. However, the result obtained was
expressed by equation (4):

kh+r > kh + kr (4)

This result shows the existence of a synergistic relationship between heat and radiation
on the rate of decrease of ultimate elongation.

The relationship between logarithms of elongation retained versus aging time is not
always linear and it is difficult to define the rate constant of decrease in elongation.
Clough and Gillen showed the synergistic relationship between heat and radiation on the
degradation of polyvinylchloride, but they did not define the rate constant of decrease in
ultimate elongation.12

The synergistic relationship between heat and radiation was also found for the rate
constant for increase of C=O concentration. Ethylene-propylene copolymer (EP07P, JSR)
was mixed with 3.0 phr of dicumyl peroxide by using a mixing roll, and the sample was
heat pressed to about 0.1 mm for the measurement by IR spectroscopy. The absorbance
of the irradiated samples was measured at 1720 cm–1, and the concentration of C=O was
calculated by using ε= 300 (L/cm). Figure 2 shows the increase in the concentration of
C=O in thin film of ethylene-propylene pure vulcanized (EPR) with the period of aging
time. The rate constant of the increase of C=O concentration by heat or radiation is
defined as kh(C=O) or kr(C=O), respectively. The dotted line in Figure 2 refers to the
increase in C=O concentration which is the sum of kh(C=O) and kr(C=O). The combined

addition of heat and radiation result-
ed in a higher value than that of dot-
ted line, showing again the syner-
gistic relationship between heat and
radiation. The synergistic relation-
ship described above is a primitive
concept, because the radical gener-
ated at a certain temperature reacts
with the chemical substances near
the radical at the temperature; there-
fore, the reaction by irradiation is
intrinsically dependent on the tem-
perature. However, the changes of
the properties of the sample induced
by irradiation at a certain tempera-
ture may be considered to be the
effect of irradiation if the reaction
by heat alone is negligibly small at
that temperature. 
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Chemical stress relaxation
has been used for evaluating the
heat resistant properties of elas-
tomers, and the method was
applied to obtain the efficiency
of scission and crosslinking of
elastomer by irradiation.13 The
method was also used to quanti-
fy the synergistic relationship
between heat and radiation on
the degradation of elastomers.
The rate constant of continuous
chemical stress relaxation,
which was reflected scission reaction under heat and radiation, Kh+r, is expressed by
equation (5):

Kh+r = Kh + Cc Iαexp (–E′ / RT) (5) 

Here, Kh is the rate constant of stress relaxation by heat alone, I is dose rate, E′ is “coef-
ficient of synergism,” R is gas constant, T is Temperature (K), and Cc is the constant
which refers to the sensitivity of the specimen to radiation, and α is dose rate exponent.14

Table 1 shows coefficient of synergism and dose rate exponent of various elastomers
measured by chemical stress relaxation. Hypalone is chloro-sulfonated polyethylene. The
value of E′ differed from sample to sample. Clough and Gillen proposed the chemical
reaction mechanism for the synergistic relationship.12 The detailed mechanism which
decides the value of E′ is not yet clear. 

The acceptance test calls for the sequential addition of radiation and heat for experi-
mental convenience, but the recent development of an air oven with light inorganic heat
insulation facilitates irradiation of the
samples at elevated temperatures. In
this case, dose may be reduced by the
consideration of degree of synergism.
As an example of the qualification
condition, we chose the 56.2-day
thermal aging at 120°C, which is one
of the short time tests corresponding
to the aging for 40 years at 40°C, as
described above. The estimated dose
applied during 40 years of the normal
condition of the nuclear power plant
is taken to be 500 kGy. If there is no
synergistic relationship between heat
and radiation, the dose should be 500
kGy.2,3 However, there is the term of
temperature on dose rate in equation
(5), showing the magnitude of syner-
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Table 1—Coefficient of Synergism and Dose Rate
Exponent of Various Elastomers

Sample α E'/ kJ mol–1

EPDM-1 .......................... 19.7
EPDM-2 .......................... 0.97 8.4
Hypalone-1...................... 29.0
Hypalone-2 .................... 52.1
Chloroprene .................... 0.85 29.8, 40.3
Tetrafluoroethylene-
Propylene elastomer....... 0.9 11.8

Note: the symbols are shown in equation (5).

Figure 3—Simplified plant layout of the system for
LOCA trial in JAERI (1979–1987). The loading of
electricity or measurement of insulation resistance can
be carried out during the exposure of radiation. The
cylinder welded to the lid of pressure vessel is opened
outside, and the radiation source is contained here.



gism, E′. The term –E′ / RT is similar in form to the Arrhenius equation, and equation (6)
or (7) is given.

log k1 – logk2 = – E′ / R ( 1/T1 – 1/T2 ) (6)

log ( k2/ k1 ) = E′ / R ( 1/T1 – 1/T2 ) (7)

The effect of dose rate multiplies by k2/k1 when the irradiation temperature rises from T1
to T2.

When T1, T2, and E′ is 313 K (40°C), 396 K (120°C), and 10 kJ/mol respectively,
(k2/k1) is 2.2. This means the dose can reduce from 500 kGy to 227 kGy, considering the
synergistic relationship between heat and radiation.

LOCA CONDITION

An Apparatus to Simulate LOCA Condition

When cables and wires are installed in nuclear power plants, the cables are exposed
to radiation at a high dose rate, steam at high temperature, and chemical (or water) spray
should a LOCA occur. For reactor safety, the cables should be functional even if they are
subjected to a LOCA at the end of their service life. 

Figure 3 shows the outline of the apparatus15 to simulate the various LOCA environ-
ments including the condition described in IEEE Std. 323-1974.2 The chemical spray
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Table 2—Specifications of Apparatus

Size of pressure vessel ..........................................................700 (I.D.) x 1300
Maximum pressure ..................................................................2.5 MPa
Maximum temperature.............................................................250°C
Size of mandrel .......................................................................400 (I.D.) x 600
Maximum steam supply ...........................................................10,000 kg/h
Rate of chemical spray ............................................................0-5 l/min.
Co-60 source ...........................................................................30 kCi and 200 kCi  
Electricity loading.....................................................................600V and 90 A
Number of cable loaded ..........................................................Nine cables
Dose rate .................................................................................2.5 and 10 kGy/h (designed)
Dose rate uniformity ................................................................1.1 (designed)

Heating rate in pressure vessel ...............................................20°C to 150°C within 10 s
Uniformity ratio of dose rate

Vertical ................................................................................1.04–1.14 (for 200 kCi)
1.04–1.15 (for 30 kCi) 

Radial ...................................................................................1.03–1.06 (for 200 Ci)
1.07 –1.15 (for 30 Ci)

Air equivalent dose rate at cable position
200 kCi.....................................................................................10.9 kGy/h (without spray)
200 kCi.....................................................................................9.5 kGy/h (with spray)
30 kCi.......................................................................................2.1 kGy/h (without spray)

Note: the cylinder into which Co-60 γ radiation source can be put from the exterior is welded to the cen-
ter of the lid of a pressure vessel. 



contains 17.3 g of boric acid, 15.9 g of
sodium thiosulfate, and 13 g of sodium
hydroxide for 600 ml water, but the
solution is adjusted by the addition of
sodium hydroxide to pH 10.5. The elec-
tric cable was inserted into the pressure
vessel. The electric wires coiled around
the holding fixture are installed in the
pressure vessel and the end of the elec-
tric wires has come out of the pressure
vessel through the connecting tubule.
Loading of electricity and the periodi-
cal measurement of the resistance of the
cables can be done by using the control
box. Table 2 shows the specification of
the apparatus. The relationship between
the maximum flow rate of steam and
the time to achieve the high tempera-
ture in pressure vessel are shown in
Figure 4.15 The need for the higher
steam flow rate to heat the vessel was
due to the long run of steam pipe from
the gate valve placed outside of Co-60
γ ray irradiation facility to the pressure
vessel that is in the facility. 

An Example of the Experiment
for Electric Cable Under

Simulated LOCA Condition

Figure 5 shows a profile of the
LOCA condition examined.16 In the vessel, electric cables were exposed to saturated
steam, chemical spray (2.3l/min), and radiation with electrical loading (600V) under the
oxidative condition supplied by 0.05 MPa oxygen. The exposure at 120°C refers to the
time accelerated after the LOCA condition; the total dose was 1.5 MGy (9.3 kGy/h) and
1.3 MGy (0.55 kGy/h) for one-week and three-months tests, respectively. The changes of
the resistance of the electric cable during the LOCA test are shown in the lower part of
Figure 5. As the electrical resistance has temperature dependence, the resistance
observed after the LOCA experiment measured at room temperature was higher than that
measured during LOCA at 120°C. The three-months test brought lower resistance than
the result of the one-week test. This is due to the accumulation of higher concentration
of oxidative products in the sample during long term thermal aging by steam and air.
Thus, the qualification of electric cable has been tested by the system simultaneously, but
as a qualification experiment it has the problem of exposure to all of the considerable
excitation factors at the same time. Therefore, the next section discusses how to simpli-
fy the condition of the test. 
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Figure 4—Maximum steam flow rate and time to
achieve the high temperature in pressure vessel.
Maximum steam flow rate was measured at the near
gate valve which is outside the irradiation facility.
❑: Relationship between maximum flow rate and
required time when pressure vessel reached 200°C. 
Δ: Relationship between maximum flow rate and
required time when pressure vessel reached 170°C.
❍: Relationship between maximum flow rate and
required time when pressure vessel reached 150°C.
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Methodology Study of the Qualification for LOCA

The possible factors that result in deterioration of polymers under a LOCA condition
are radiation, heat by steam with air, chemical spray, and loading of electricity. The clas-
sification of these deteriorating factors in an efficacious order might be useful for the
establishment of a qualification test. Radiation and steam with air significantly damage
the polymers. On the other hand, the loading of electricity during one year of LOCA and
the post-LOCA period probably do not harm the cable; and therefore the qualification test
can omit the electrical loading, which simplifies the apparatus for the test. 

The chemical spray system brings complexity to the apparatus because the chemicals
and the condensed water in the pressure vessel were mixed in the pressure vessel that
must be evaporated by the concentrating tower. Yagi et al. compared the effect of chem-
ical spray and water spray on the water absorption of the irradiated polymers.17 They
measured the water absorption of four kinds of ethylene-propylene elastomer, two kinds
of chlorosulfonated polyethylene, and two kinds of chloroprene in water and the solution
for chemical spray at about 100°C, and found out that the water absorption was higher in
water than in the chemical solution. Since the osmotic pressure of the chemical solution
is higher than that of water, the equilibrium water content in the samples was higher in
water than in the chemical solution. The chemicals in the spray might not harm the poly-
mers, and while it does contain sodium hydroxide, pH is only 10.5. Therefore, we might
use water spray instead of the chemical spray in the qualification. 

The simultaneous addition of radiation and heat with steam in the air-containing envi-
ronment mostly damaged the electric wire and cable during LOCA. IEEE Std. 323 & 383
showed 1.5 MGy as the considerable dose for PWR.2,3 The recommendation added radi-

Figure 5—Example of a LOCA profile and changes of resistance of electric
cable. 
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ation and steam sequentially for experimental convenience. The electric cable might be
oxidized through most of the LOCA period by irradiation, because oxygen penetrates in
the sample at higher temperature during irradiation. IEEE-62718 showed the importance
of the account of the degradation mechanism to decide the test condition. Considering
these, one of the recommended irradiation conditions is 5.0 kGy/h at 70°C in which the
most of the cable might be oxidized (the duration is 300 h). IEEE Std. 323 and 383
showed the various types of steam exposure profile for the test of cable used in a nuclear
power plant.2,3 The profile described in Figure 5 is one of the appendices for PWR in
IEEE Std. 323, and we can use it for the steam exposure condition for the sequential test.
One week of duration may be enough, because one week’s thermal aging at 120°C of the
polymers corresponds to the damage given during 224 days at 70°C (the average temper-
ature of considerable post-LOCA period), assuming that a temperature increase of 10°C
increases oxidative chemical reaction rate by a factor of two. 

In the first step of the profile, the temperature rises from ambient to 150°C. This is an
important procedure in the test, because one of the possible features of degradation by
irradiation is generation of small cracks on the cable surface. The break point is very sen-
sitive to the quick pressurize by steam. The penetration of steam or water enormously
decreases the electric resistance of the cable. Giving a quick pressurizing shock twice
increases the reliability of the qualification. The lining in the pressure vessel by heat
resistant elastomer reduces the amount of steam flow for rapid increase in the pressure
and the temperature of the vessel; this is one of the advantages in the sequential method. 
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In the European project MANIAC—Innovative Measurement Methodology in
Quality Assessment of Coating, a methodology was developed to assess the
long term durability of coatings. The project was focused on environmentally
friendly waterborne automotive multi-layer coating systems. Although devel-
oped for waterborne coatings, the methodology is very generic and can be
applied to all kinds of coatings. 

The first step in the evaluation of long-term performance of automotive
coatings involves exposures to weathering (natural as well as artificial).
Traditionally, the durability of coatings is evaluated by examining the changes
in performance properties like gloss, color, and scratch resistance. In the
MANIAC methodology, the focus is on changes in structures on molecular lev-
els. Microtomed slices of the coatings were examined by FTIR spectroscopy for
monitoring oxidation. UV spectroscopy and GC-MS were used to study the
migration of additives like HALS and UVA. 

In the methodology, the environmental variables (outdoors as well as
indoors), e.g., temperature, relative humidity, UV irradiation, were carefully
monitored and included in the modeling scheme. The results from accelerated
tests are modeled and, together with outdoor climatic data, the different mod-
els are used to predict degradation during outdoor exposure.



INTRODUCTION

The overall aim of the EU project MANIAC was to develop and implement a mech-
anism-based methodology for accelerated artificial weathering and analytical tests that
will enable rapid and reliable prediction of quality, durability, and long-term performance
of automotive coating systems. The use of this methodology will reduce considerably the
time-to-market of new environmentally friendly paint/coating systems. The innovative
aspects in the development of the methodology lies in the application of the knowledge
of the fundamentals of degradation processes and advanced analytical techniques to
address simultaneously the problems of both the intricate nature of coating systems and
the complexity of the weathering conditions, and their effects on changes in terms of
chemical and physical properties. 

Traditionally, the evaluation of the long-term performance of automotive paint sys-
tems has been based on natural weathering for quite a long period of time: 4–8 years in
combination with accelerated artificial weathering. The aging of paints has been followed
by measuring changes in performance properties such as gloss, color, scratch resistance,
etc. In the MANIAC approach the outdoor exposures are reduced to only a few years and
the importance of artificial weathering is more pronounced. Of greatest importance is,
however, the adoption of a mechanism-based evaluation of aging. Detailed characteriza-
tion of micro-climatic parameters is also included in the methodology. 

The coating systems were selected with the objective to compare well-known coating
systems used by many automotive manufacturers in Europe with new, future-oriented
waterborne systems focused on further emission reduction, shorter application times, and
reduced energy consumption without losing performance and durability. 

OUTDOOR AND ARTIFICIAL EXPOSURES

To compare the effects of accelerated weathering on different coating systems with
their outdoor service performance, coated panels were exposed at a test site in Miami,
FL. The selected accelerated test was SAE J 1960 and the exposures were conducted in
an Atlas Ci4000 Xenon Weather-Ometer. To determine the influence of temperature,

solar irradiation, humidity, and
condensation, modified SAE J
1960 tests were conducted at dif-
ferent levels of these climatic
parameters. 

To understand aging behaviors
of materials, it is important to
carefully characterize the local
environment or microclimate to
which materials are exposed.
Moreover, the results from the
tests should be evaluated using
appropriate mathematical mod-
els. From accelerated tests, the
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Figure 1—Recorded outdoor climatic data from the Miami
test site during five days in October 2004.



parameters in the models can be
determined. Knowing the values
of these parameters together
with outdoor climatic data, the
degradation performance out-
doors can be predicted. From
comparison with measured
degradation during outdoor
exposure, the reliability of dif-
ferent models to predict outdoor
performance was analyzed.
Therefore, all important environ-
mental properties, outdoors as
well as indoors, were continu-
ously monitored and stored as 15
min mean values. The monitored climatic properties were: ambient air temperature, sam-
ple panel temperature, black panel temperature, relative humidity, total solar and UV
solar radiant exposure, and pH of rainwater (not measured at regular intervals). Figure 1
shows recorded climatic data from the outdoor test site in Miami during five days in
October 2004, while Figure 2 shows temperature data from artificial weathering accord-
ing to SAE J 1960.

PERFORMANCE PROPERTIES

Car owners do not care about changes at a molecular level in the coating. They care
about the appearance of the paint in terms of color, gloss, etc. Consequently, it is neces-
sary to measure changes in these properties and establish the correlation between chem-
ical changes and changes in performance properties. Measured performance properties or
conducted tests within the MANIAC project were gloss, color, car wash resistance,
chemical resistance, and Distinctness of Image (DOI). Crockmeter and VIEEW scan tests
were also conducted. Figure 3 shows the gloss retention for samples exposed in Miami. 

As can be seen in Figure 3,
the decrease in gloss was most
severe for the waterborne sys-
tems 5–10. The most pro-
nounced drop in gloss appeared
after about one year. A closer
examination of these coatings,
including microscopy, revealed
a considerable growth of
mildew (see Figure 4). The
measured increase in gloss after
12-months exposure was due to
the introduction of a new sam-
ple cleaning procedure at the
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Figure 2—Recorded temperature data from artificial weath-
ering according to SAE J 1960.

Figure 3—Gloss retention for waterborne as well as solvent-
borne coatings exposed in Miami, FL.



weathering station in Miami, i.e., the
loss in gloss was partly caused by scat-
tering of light caused by the mildew,
which was removed by the cleaning pro-
cedure. Figures 3 and 4 exemplify prob-
lems associated with gloss retention as a
measure of aging. The solventborne
coatings 1–4 were not, or were very lit-
tle, affected by mildew. 

CHANGES IN MOLECULAR PROPERTIES CAUSED BY AGING

Most of the work carried out within the MANIAC project concerns development and
use of analytical methods at a molecular level to follow degradation of automotive coat-
ing systems. The work done has been focused on migration of additives and chemical
changes taking place during aging. As is seen in Figure 5, which schematically describes
the analytical approach, the analytical procedures to measure additive concentrations and
chemical degradation are very interrelated. Almost all instruments and techniques used
in the project are commercially available and well established. The only exceptions are
devices for migration studies and oxygen 18 (18O2) exposures. Excellent reviews of how
these techniques can be used in evaluating aging effects of automotive coatings are given
in chapters 9, 10, and 11 of reference 1.

Of great and central importance was microtomy as indicated in Figure 5. Figure 6
shows a microtomed slice using an in-plane microtome. The thickness of slices used was
5 µm. 
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Figure 4—Mildew on waterborne coating.

Figure 5—The analytical techniques used in the MANIAC project.



The deterioration of polymer coat-
ings at a macroscopic level is reflect-
ed at the microscopic level by early
chemical changes. Fourier transform
infrared spectroscopy (FTIR) has
been shown in earlier studies2-7 to be
an excellent technique that is both
chemically specific and highly sensi-
tive. 

One important objective of the
MANIAC project was to develop
and/or use techniques that give gener-
ic information. In the IR-region,
3600-2500 cm–1 changes caused by
aging are associated with –OH, –COOH, and –NH groups. The bands between 3000 and
2800 cm–1, which are attributed to the C–H stretching bands, are not considerably altered
in intensity due to aging. These bands may, therefore, be used as a reference or an “inter-
nal standard”. The quotient, Q, between the area of the “aging” bands and the area of the
reference bands can thus be regarded as a generic measure of degradation caused by
aging, i.e., Q=A–OH, –NH/BRef. (see Figure 7). However, since an unaged coating usually
contains groups absorbing in the 3600–3200 cm–1 IR-region, the difference between the
quotient after and before aging must be used. This difference, ΔQ=Qaged-Qinitial, is often
referred to as an Oxidation Index or Photo Oxidation Index (PI-index), i.e., PI=ΔQ. Ford
Motor Company has successfully used the technique described above.5,6

Figure 8 shows PI values plotted versus depth according to the definition in Figure 7
for a clearcoat containing a UV-absorber (UVA) and exposed for 4000 hours according
to SAE J 1960. 

An exponential decaying behavior is reasonable, since the UV-radiation at specific
wavelengths drops exponentially if the clearcoat contains an evenly distributed UV-
absorber. One very severe degradation or failure mode in an automotive coating system
is delamination, i.e., the adhesion between two layers is lost. Figure 9 shows PI-index
profiles for a coating sys-
tem containing no UVA in
the clearcoat. Obviously,
the lack of UVA in the
clearcoat has resulted in a
substantial increase in
oxidation of the basecoat,
which might cause delam-
ination. 

As mentioned, the
gloss retention of water-
borne coatings exposed
in Miami was severally
affected by mildew. No
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Figure 6—In-plane microtoming.

Figure 7—Definition of PI-index.
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Figure 8—PI-index versus depth for waterborne clearcoat contain-
ing UVA and exposed for 4000 hours according to SAE J 1960.

Figure 9—PI-index versus depth for waterborne clearcoat contain-
ing no UVA and exposed according to SAE J 1960.

Figure 10—Ratio between oxygen-18 and oxygen-16 TOF-SIMS
signals for waterborne clearcoat containing UVA as a function of
depths after different exposure times.



corresponding influence of mildew on the PI-index was found, which demonstrated the
power of a mechanism-based approach. 

TOF-SIMS, OXYGEN 18, AND EARLY DETECTION OF AGING

Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) is a very sensitive and
powerful analytical tool for analysis of solid materials. In TOF-SIMS analysis, O– and
oxygen containing ions are easily detected. To suppress oxygen present in the material
prior to artificial accelerated aging, 16O2 in the exposure atmosphere can be replaced by
18O2. After that, all ions in a mass spectrum containing 18O most likely originate from the
artificial aging.8 The yield of O–-ions is very high, which makes 18O2 an excellent tool for
the observation of early stages of oxidative degradation.9 For obvious reasons, the 18O2-
exposure technique has a great potential when studying oxidative degradation of poly-
mers with oxygen in the backbone, such as automotive coatings.8,10

Figure 10 shows the photooxidation of a waterborne paint system containing standard
levels of UV-absorber (UVA) and Hindered Amine Light Stabilizer (HALS), while
Figure 11 shows the photooxidation of the same system, but without UVA. Figure 10
shows that already after 50 h of exposure, effects of oxidation can be detected, especial-
ly close to the outermost surface. Figure 11 shows the response of the paint system with-
out UVA to the exposure. As is seen, the clearcoat is more or less homogeneously oxi-
dized. The clearcoat also gives a much poorer protection of the basecoat than UVA con-
taining clearcoats. 

ANALYSES OF ADDITIVE

Of utmost importance for the long-term performance of coatings is additives, espe-
cially UVA and HALS.11-16 Accordingly, it is very important to measure the total amount,
as well as concentration depth profiles, of these additives. Figure 5 shows the techniques
that have been used in the MANIAC project including gas and liquid chromatography
combined with mass spectrometry (GC-MS and LC-MS), and UV-spectroscopy using an
integrating sphere. Figure 12
shows concentration depth profiles
of UVA in a waterborne coating
system after different exposure
times. The depth profiles were
obtained by extraction of individ-
ual microtomed slices followed by
GC analysis of the extracts. By
adding the values from the individ-
ual slices, the total loss of UVA as
a function of time can be estimated
(see Figure 13). Similar results can
be obtained by using HPLC16 or
UV-spectroscopy5,6,14,15 (in the
clearcoat only).

235

Figure 11—Ratio between oxygen-18 and oxygen-16 TOF-
SIMS counts for waterborne clearcoat containing no UVA
as a function of depths after different exposure times.
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Figure 12—UVA depth profiles for unexposed and exposed
waterborne coatings.

Figure 13—Total UVA loss versus exposure times.

Figure 14—Schematic drawing of a UV-VIS-spectrophotometer
equipped with an integrating sphere attachment.
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In UV-spectroscopy on turbid solid materials, such as microtomed slices from auto-
motive coatings, serious problems caused by light scattering occur, which have limited
its use. If problems with scattering can be avoided, UV-spectroscopy has great advan-
tages in quantitative analysis of UV absorbing additives in polymers due to high sensi-
tivity and lack of interference from the polymer matrix. Treating microtomed clearcoat
films with oil can effectively reduce the problems arising from scattering. However, the
films now contain the oil, which may influence other subsequent analyses. An alternative
method in eliminating the negative effects of light scattering is to use an integrating
sphere attachment, which collects all transmitted light (see Figure 14). The reflected part
of the incident radiation can be obtained as well. By adding the transmittance and
reflectance spectra, essentially all effects of scattering and reflection are removed.17 As
can be seen, the transmittance in the visible region is now essentially equal to unity for
clearcoat slices, i.e., the baseline for the added spectra is very close to unity. A 100%
transmittance baseline makes it possible to accurately determine the UV-protective action
of UVA as function of depths and wavelength as shown in Figure 15. 

The total transmittance, Ttot(λ), at a specific depth of a coating system is obtained by
multiplying the transmittance spectra of the individual slices. Figure 15 shows such total
transmittance spectra. Slice No. 6, at a depth of 30 µm, is the deepest lying slice of pure

Figure 15—Transmittance as a
function of wavelength at differ-
ent depths.

Figure 16—Magnification
of Figure 15.



238

clearcoat. Thus, the added spectra at 30 µm represent the total protective action of the
clearcoat. Figure 15 shows also that the protective action of this UVA-containing
clearcoat is very high below 360 nm. However, above 360 nm the protection decreases
drastically, with almost no protection at 400 nm. 

The electrocoat layer in an automotive coating system consists often of an epoxy poly-
mer which is sensitive to UV radiation even up to the visible region at 400 nm. It is, there-
fore, important to be able to measure the UV stress level at the electrocoat. The use of an
integrating sphere makes it possible to get such information. Figure 16, which is a mag-
nification of Figure 15, shows the UV transmittance of the coating system at the inter-
face between the basecoat and the electrocoat. As can be seen, the UV transmittance is
very low, only about 0.02% for the coating system under study. 

MODELING AND ASSESSMENT OF LONG-TERM
PERFORMANCE OF COATINGS

The following approach to accelerated life testing has proved to be successful in the
durability assessment of a number of optical materials, especially from the solar energy
field, and should be applicable also for accelerated life testing of the kind of automotive
clearcoats that have been studied in the MANIAC project.18

Assume that for an automotive coating the change in time of a property, e.g., PI-index,
due to aging, may be approximated by the following expression: 

(1)

where

(2)

where IUV is the intensity of UV irradiance, α is a material-dependent constant, E is an
activation energy, and ToW is time of wetness responsible for hydrolysis reactions in the
coatings. A and B are additional parameters that have to be determined. The parameters
above can be determined using accelerated tests. When all the parameters in equation (2)
have been determined, through accelerated tests, outdoor climatic data can be used to pre-
dict the progress of PI-index. Δti is the i:th (15 min) time interval during outdoor expo-
sure. The service life can be determined, if a failure criterion has been defined with
respect to PI-index. However, service life predictions involve many pitfalls and are not
always reliable. The outcome is to a very great extent dependent on the choice of the
mathematical model. The chosen model in this case should be regarded as an empirical
one that does not truly represent the complex nature of polymer degradation. It is, for
example, assumed that the photooxidation and the hydrolysis reactions have the same
activation energy. 

An interesting alternative might be to leave some of the parameters in equation (2)
undetermined, e.g., A and B. These parameters are instead determined by a regression fit
using short-term outdoor PI-index data. Figure 17 shows the result of such a fit for two
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waterborne systems, 6c and 10, using equation (2). The only difference between the sys-
tems is the color. The PI-index is obtained at a depth of 7.5 µm (second slice). Outdoor
data up to 23 months were used. The correlation between predicted and measured PI-
indexes is very good. The effect of different temperatures, due to different colors of the
coatings, is clearly seen. The wavy pattern of the predicted curves is most likely caused
by seasonal variation in the Miami climate. 

However, the relatively rapid loss of UVA from the clearcoat (Figures 12 and 13) and
the indicated susceptibility to photooxidation of the basecoat may suggest that delamina-
tion could be a possible failure mode.

CONCLUSIONS

A methodology for the quality assessment of automotive coatings has been developed.
The methodology is primarily based on characterization of the aging behavior on a
molecular level. Aging parameters are determined mainly through accelerated exposures
in which the climatic conditions were carefully measured. Outdoor microclimatic data
was collected and used to predict the outdoor aging behavior of the coatings. Different
aging effects of identical clearcoats on top of differently pigmented basecoats were clear-
ly observed. This is, of course, due to the fact that different colors of coating systems will
lead to different temperatures when exposed to solar irradiation.
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Figure 17—Measured and calculated PI-indexes for two identical
clearcoats. The only difference is the pigmentation of the underlying
basecoat. System 6c is dark blue while system 10 is silver metallic.
Squares and diamonds represent measured values, while the lines
represent calculated values.
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INTRODUCTION

In 1966, Kenneth E. Boulding, an American economist, compared the earth to a space-
ship. This idea of “The Spaceship Earth” is thus over 40 years old. Our modern society
is in a transition from an economic system of mass-production, mass-consumption, and
mass-disposal, to a new sustainable economic system.1 In the Japanese housing field, we
have refurbished or repainted old housing, some of which were built 1000 years ago. The
situation in Japan has been changing recently, however. Over 60% of houses have been
built within the past 20 years, while less than 10% were built over 50 years ago.2 This
means that the service life of houses in Japan is shorter than in the United States of

Chapter 16

A New Test Method for Weatherability Prediction:
Radical Shower using a Remote Plasma Reactor

Masahiko Akahori

Nippon Paint Co., Ltd., R & D Div., 4-1-15 Minami-Shinagawa Shinagawa-ku, 
Tokyo, Japan 140-8675

It is difficult to predict long-term (30 year) durability using conventional accel-
eration methods such as the Super UV weather-test machine or the Xenon
weather-test machine. A new test method for weatherability prediction using a
Remote Plasma Reactor, a down-flow type device, has been studied. 

We studied the degradation mechanism by focusing on the fact that expo-
sure to radicals strongly influences the durability of coatings. As a means of
direct radical irradiation on the coatings, we used a plasma-generating device.
The Remote Plasma Reactor has a plasma generating zone (electrode) placed
apart from a sample exposure portion, which allows for more easily controlled
test conditions than a direct plasma reactor. Consequently, neutral active oxy-
gen radical species can be easily beamed selectively on the coatings without
influence by ion, electron, or ultraviolet rays. We can adjust the condition of
plasma with pressure, flow rate of gas and radio frequency power. 

The accelerated test for the weatherability of enamel type coatings was
studied. For the evaluation of the durability, we investigated changes not only
in color and gloss, but also surface changes (SEM, and FTIR technique)
through the Remote Plasma Reactor. 

Results obtained with the Remote Plasma method correlated very well with
outdoor exposure tests and the acceleration behavior with test time was espe-
cially well controlled. The radical shower method can be applied to other
materials such as plastics and rubbers.



America and the countries in Europe. To achieve a sustainable system, we should treas-
ure the limited resources of the Earth and maximize their utilization. This attitude also
holds true in the automobile market: we do not need to buy a new car every three years.
For the past 10 years, Japanese car consumers have been using their old cars instead of
buying new cars. It is thus desirable for automobile manufacturers to enhance paint
durability.

From the viewpoint of sustainable housing, there is a strong demand to have a lifetime
of 30 years in housing exteriors. From the viewpoint of good appearance and protection
of wall substrates, remarkable progress has been made in the development of raw mate-
rials. There are also several new durable masonry paints now under development. It is
highly desirable to be able to predict and guarantee the lifetime of the modern industrial
product. The 30-year goal seems difficult to attain, but the use of clear coatings like those
used in automobile coating systems may make it possible to have such a long lifetime.
We should predict the weatherability or the durability of coatings in order to be able to
guarantee their long lifetime.

Although many acceleration methods are widely used, it is difficult to predict the
durability over a 30-year period using conventional acceleration methods. For example,
there are metal halide lamp methods that emphasize stronger ultraviolet rays, a Super UV
(SUV) weather-test machine, or a Xenon weather-test machine. In other words, it is not
possible to predict endurance for 20 or 30 years by conventional methods. Other new
methods proposed recently are from 1992 and 2000, respectively. The system described
in reference 3 uses oxidation promotion via increased oxygen pressure using an autoclave
reactor; the system described in reference 4 uses a metal halide lamp and hydrogen per-
oxide. These systems are on their way to practical application in Japan. 

With respect to artificial weather deterioration of the coatings brought on by radical
degradation from these surfaces, we reported the endurance prediction method with use
of a plasma device as a radical irradiation method in 1994.5,6 Also, in recent years, an
etching by plasma has been actively used in the IT technology fields. The first analysis,
from the point of film erosion, was done in 1984.7 Later, plasma was used as a technique
to improve the quality of a surface. For instance, the study on the improvement of qual-
ity of a poly-tetra-fluoro-ethylene surface using a hydrogen radical in a Remote Plasma
(down-flow type) Reactor was done.8,9 Furthermore, starting in 1998, there was a move-
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Table 1—Content of Pigments in Each Paint by Weight

Pigment No. 156 No. 328 No. 530

White 96.5 91.9 87.2
Black 1.9 4.2 6.5
Yellow 1.3 3.2 5.5
Red 0.3 0.7 0.8
Total 100.0 100.0 100.0
Volume concentration of white pigment 

Titanium dioxide 3 8 13
Barium sulfate 15 10 5

White pigment: Titanium dioxide, Barium sulfate.
Colored pigment: Carbon black, Iron (III) oxide, Iron (II) oxide.



ment in Europe to utilize a plasma reactor for endurance prediction and a three-year proj-
ect was started.10 However, the study was suspended due to difficulty in the selection of
conditions by direct plasma method. 

In this chapter, the authors have found that a plasma reactor can be used as an effec-
tive tool for long-term prediction of coatings durability.11-14 The direct plasma system
exposes a substrate between two electrodes. Therefore, the deterioration of the coatings
is caused not only by the radical species, but also by plasma-comprising ions, electrons,
highly reactive neutral atoms, and ultraviolet rays. As a result, it is difficult to optimize
control test conditions. In contrast, the Remote Plasma Reactor, which has a plasma gen-
erating zone (electrode) placed apart from a sample exposure portion, allows for easily
controlled test conditions. Consequently, neutral active oxygen radical species can easi-
ly be beamed selectively on the test specimen without ions, electrons, or ultraviolet rays.
We should control the condition of plasma. We used the oxygen plasma gas for our envi-
ronment, which is filled with oxygen and nitrogen; in other words, the degradation is con-
cerned with the oxidation of the products. We also used gases other than oxygen, includ-
ing nitrogen oxide and carbon dioxide. 

Inspection by an electronic microscope (3D-SEM) showed that the surface conditions
resulting from natural weathering in Okinawa and those produced by a Remote Plasma
Reactor appear similar. The chemical change observed at the coatings surface is also sim-
ilar. It can therefore be presumed that a deterioration mechanism of a Remote Plasma
Reactor is similar to outdoor exposure.

One goal of this work is to standardize the Remote Plasma method to ISO standard
and JIS standard as a new test method for the weatherability prediction. Secondly, this
quick determination method is useful for the evaluation of material durability. In the sum-
mer of 2006, we successfully developed the method and Suga Test Instruments Co., Ltd.
started to produce equipment for commercial use. The method will allow us to determine
the weathering performance of the product and to guarantee the product for a specified
time more quickly.

EXPERIMENTAL

Preparation of Model Paints

The waterborne enamel paints were prepared by blending the synthesized acrylic
emulsion resin, titanium dioxide, and barium sulfate as model masonry paints. It also
included hindered amine light stabilizer (HALS) and the ultraviolet absorber (UVA) at
1.5 wt% based on resin. The compositions of the pigments in these three types of the
paints are given in Table 1. These paints were sprayed on the sizing boards, which are
commonly used in exterior walls in Japan, and were dried at 100°C for 10 min.

Outdoor Exposure Test

The outdoor exposure test was carried out over five years in Okinawa, which is at
the same latitude as the subtropics. The specimen material was exposed to ambient air
circulation at a rack angle of 20° South. The latitude of Okinawa is around 23° North;
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for convenience, we used the 20° angle. It is said that the latitude of -5° is most efficient
for receiving sunlight.

Super UV Accelerated Test

The Super UV (SUV) machine for accelerated testing is commonly used in Japan. It
is different from the Xenon accelerated machine as a result of its irradiation waves. The
SUV will damage the substrate quickly because it has stronger ultraviolet rays than the
Xenon machine. The SUV test was carried out using a cycle mode. The cycle mode used
was 4 h of UV irradiation (100 mW) at 63°C (Black Standard Temperature: a tempera-

ture measuring device consisting of
an insulated black plastic which
absorbs all wavelengths of radiation
uniformly, with a thermally sensitive
element firmly attached on the center
of the unexposed surface) followed
by 4 h of darkness and condensation
at 35°C, including 10 s of spray
between irradiation and darkness.

Remote Plasma Reactor
Acceleration Test

The new accelerated test illus-
trated in Figure 1 (left) was carried
out by the Remote Plasma Reactor
(RPR). The vessel consists of a
quartz tube, which has a gas inlet and
an exhaust. The discharge region is
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Figure 1—Chamber model of the Remote Plasma device and the commercial
machine by Suga Test Instruments Co., Ltd.

Figure 2—Change in temperature at the same sample
surface, 350 mm away from the electrode during O2
plasma treatment. Conditions: Pressure 133 Pa, oxy-
gen flow rate: 300 ml/min. Radio frequency power: 



equipped outside with a pair of electrodes that are made of aluminum plates. Gas plasma
is produced by a 13.56 MHz generator. 

In March 2006, we granted patent rights to Suga Test Instruments Co., Ltd. in Japan.
This RPR machine is called the Plasma accelerated test device, Pl-2. This commercial
machine is shown in Figure 1. 

Characterizations and Analysis

Gloss retention and color difference were tested according to JIS Z 2381, K-5600 (cor-
responding to ISO 7724), and determined by means of the BYK-Gardner micro TRI gloss
(60°) and of the Konika-Minolta color difference meter CR-300, respectively. 

The surface of the painted boards was observed using a 3D-SEM Erionics Co. ERA-
8800FE Apparatus. The IR spectra were recorded by using an FTIR Nihon Electrics Co.
FTIR7300 apparatus. 

RESULTS AND DISCUSSION 

Conditions for New Accelerated Test 

Many acceleration methods are widely used. For example, there are metal halide
lamp-methods that emphasize stronger ultraviolet rays, a Super-UV weather-test
machine, or a Xenon weather-test machine. When we used these weather-test machines,
we controlled some conditions like irradiation power, temperature, pressure, and their
cycling mode. In addition to these acceleration methods, we carefully studied the plasma
state and the irradiation control. This is a key for getting good correlation between the
natural exposure and the artificial accelerated methods.

It is reported9 by Inagaki et al that the ionized species, electrons, highly reactive neu-
tral atoms, molecules, and ultraviolet rays in the plasma region are rapidly decreasing in
proportion to the distance from an
electrode to a sample on the stage.
Those plasma constituents have the
influence of raising the surface tem-
perature with which they come in
contact. The increased temperature
during an irradiation of the board
surface will influence the endurance
of the coatings. To avoid the increase
in the surface temperature, it is
important to determine the plasma
reactor configuration and processing
parameters. We need to adjust the
operating parameters with an appro-
priate selection of plasma configura-
tion. The increased temperature on
the board surface as a function of an
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Figure 3—Change in temperature at the same sample
surface, 150 mm away from the electrode during O2
plasma treatment. Irradiation time: 60 min; oxygen
flow rate: 200 ml/min. Radio frequency power ●: 25 W,
■: 50 W, ▲: 100 W, ◆: 300 W.



irradiation time at the distance of
350 mm from the electrode with sev-
eral powers of frequency radiation is
shown in Figure 2. 

The increased temperature on the
board surface as a function of the
pressure at the distance of 150 mm
from the electrode with several pow-
ers of frequency radiation is shown
in Figure 3. 

By using a Remote Plasma Reactor,
we could selectively irradiate neutral
oxygen radicals to the coatings on
the board at the temperature below
glass transition temperature (Tg).
The color changes after irradiation at
the different distances from the elec-

trode, and different powers of frequency radiation, are also shown in Figure 4. 
From these results, the distance of 10 mm from the electrode to the specimen was too

small to control ions, electrons, radicals, etc. Consequently, the temperature of the test
specimen surface rises, there is mainly heat damage, and there are striking changes in
color. Also, with the enamel paints used in this investigation, the L-value changes remark-
ably with the chalking of the test specimen during irradiation. As a result of the chalking,
and the large color difference (e.g., L > 5), there is no need for further discussion. When
utilizing the Remote Plasma machine, there is no rain (no water) during irradiation, and
the chalk formed remains on the surface. The influence of chalking on the color difference
is ambiguous, because a great deal of chalking covers the surface of the specimen. The
conditions determined for the RPR are given in Table 2.

Plasma Condition Changes with Choice of Gas

We changed the plasma condition using other gases such as carbon dioxide and nitrous
oxide instead of oxygen. The point of doing this is that we wanted to see how these gases
would affect the degradation of coatings. These are the equations we assume for the
decomposition of several gases. Also there are some radical reactions of organic com-
pounds as shown in Scheme 1.

In these gas plasmas, gas molecules generate many species of electrons, radicals, and
ions of various valence. In the decomposition of oxygen gas, we selectively use the effec-

tive radicals. The activated
carbon oxide from the
decomposition of carbon
dioxide is similar to organic
compounds. In the case of
nitrous oxide gas, it is
expected to produce a pair
of nitrogen radicals for each
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Figure 4—Color change of the sample by plasma treat-
ment at 50W. Conditions: Pressure: 133 Pa; flow rate:
300 ml/min. Distance from the electrode: ▲: 10 mm, ◆:
150 mm, ●: 350 mm.

Table 2—Operating Conditions for the Remote Plasma
Reactor

Radio frequency power  . . . . . . . . . . . . . . .50 W
Irradiation distance from the electrode . . . .150 mm
Pressure  . . . . . . . . . . . . . . . . . . . . . . . . . .133 Pa
Flow of oxygen  . . . . . . . . . . . . . . . . . . . . .20–300 ml/min
Irradiation time  . . . . . . . . . . . . . . . . . . . . . .0–120 min



oxygen radical. We expected more gas volume in the chamber with decomposition.
Understanding the plasma state under various conditions is important for the develop-
ment of suitable test methods. We check the increase in surface temperature to avoid a
heat effect. Oxygen gas plasma should be well controlled, or the surface temperature will
increase, as shown in Figure 2.

The graphs in Figure 5 show the results using carbon dioxide and nitrous oxide gas
plasma. In the case of carbon dioxide, the temperature does not increase as it does in oxy-
gen plasma even up to 100 watts power. In the case of nitrous oxide, even at 500 watts
power, the surface temperature increase is less than 10°C, compared with a temperature
increase of over 40°C in the case of carbon dioxide. 

Next we studied the color changes of degradation by using several gases in the
Remote Plasma device as shown in Figure 6. We conducted the remote plasma bombard-
ment experiments with two different gases: one with carbon dioxide and the other with
nitrous oxide in comparison with oxygen gas. The materials are the same coatings that
we checked in oxygen plasma experiments No. 530 in Table 1.

Carbon dioxide plasma has a greater effect than does nitrous oxide plasma. Here,
nitrous oxide plasma is less useful than expected. Compared with nitrous oxide plasma,
we can recognize the strength of oxygen  plasma. The cause of weak attack to the coat-
ings is the effect of carbon black. Carbon dioxide is expected to produce elemental car-
bon, which is the terminator against the radical propagation and elemental carbon lets
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Figure 5—Change in temperature at the same sample surface, 350 mm away from the electrode during
carbon dioxide and nitrogen oxide plasma treatment. Conditions: Pressure: 133Pa, flow rate: 500
ml/min. ▲: 300 W, ◆: 200 W, ■: 100 W, ●: 50 W.

Oxygen: O2 + Energy >>>>> 2O2–

O2 + e– >>>>> O3– + e–

O2 + Energy >>>>> 2O* + hν
O2 + e– >>>>> O2

+ + 2e–

O2
+ + e– >>>>> 2O*

Carbon dioxide: CO2 + Energy >>>>> C + 2O*
Nitrous oxide: 2N2O + Energy >>>>> 2N2 + O2

>>>>> 4N* + 2O* 

Scheme 1—Some decomposition of several gases.  *: Radical.
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Figure 6— Color changes under acceleration by Remote
Plasma using several gases. Conditions: 50 W, 133 Pa, gas
flow rate 500 ml/min. ●: Oxygen gas, ■: Carbon oxide, ▲:
Nitrous oxide.

Figure 7— Color change under outdoor exposure in Okinawa.
◆: No. 156, ■: No. 328, ●: No. 530.

 

 

Figure 8—Color change under acceleration by Remote Plasma
treatment. Conditions: 50 W, pressure 133 Pa. ◆: No. 156, ■:
No. 328, ●: No. 530.
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other radicals terminate. The carbon radical itself does not live a long time. In the case of
nitrous oxide, the reactions shown in Scheme 1 do not occur as frequently, so the number
of oxygen radicals generated is just half of the amount compared with oxygen.

Correlation Between Outdoor Exposure and Remote Plasma
Acceleration

The color change of outdoor exposure in Okinawa during the five-year period 1994 to
1999 is recorded in Figure 7. The increase in color differences of these model coatings
follows the same general trends. 

Figure 8 shows the color changes of the surface after Remote Plasma Reactor treat-
ment under the conditions in Table 2 as a function of irradiation time.

Figure 9 presents the correlations of color change between the outdoor exposure and
the accelerations by Remote Plasma device. The color change is plotted with the outdoor
exposure on vertical axis, and accelerations on horizontal axis (see Table 3). This means
it has a good correlation in their durability.

Figure 9—Correlation of color change between outdoor expo-
sure in Okinawa and acceleration by Remote Plasma treatment.
Conditions: 50 W, pressure: 133 Pa. ❑: No. 156, ●: No. 328.

Table 3—Color Change Under Outdoor Exposure and Remote Plasma Treatment

Outdoor exposure in Okinawa Year 1 2 3 4 5

No. 156 ΔE 0.31 1.32 2.98 — 5.45
No. 328 ΔE 0.62 2.75 3.28 — 6.01

Remote plasma treatment (min) 10 20 30 40 50

No. 156 ΔE 0.31 0.51 0.92 1.55 2.16
No. 328 ΔE 0.28 1.06 1.21 1.96 3.56

(cf)  The condition of Remote Plasma treatment is based on Table 2.
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Figure 11—SEM micrograph of coatings C after 15 min. of irradiation in the
Remote Plasma Reactor. D: after 394 h in SUV Reactor.

Figure 12—Hypothesis of the shield effect by titanium oxide. 

Figure 10—SEM micrograph of coatings A and B after one and three years in
Okinawa.

Surface Observations by SEM Technique

The morphological analyses of both the coated samples after the outdoor weathering
test and the artificial weathering test are shown in Figures 10 (A,B) and 11 (C,D) respec-
tively. As can be seen from Figure 11 A and B, the coatings in Okinawa were damaged
and chalking appeared on the surfaces. These surface results are similar to those surfaces
obtained by the Remote Plasma Reactor (Figure 11C). 



In these SEM technique observa-
tions, at first glance there are similar
cavities present (illustrated by solid
circles). Both have a particle of titani-
um dioxide present. On the contrary,
a much clearer difference can be
observed if we look into the cavity
around the particle. 

The observation of coatings
accelerated by using a SUV
machine after the 394 h test (Figure
11D), revealed the presence of
another, different, cavity (illustrated
in broken circle) on the surface.
This cavity was produced by a dif-
ferent mechanism of the degrada-
tion. This mechanism seems to
relate to the photo-catalyst process
by titanium dioxide (see Figure 12). 

This hypothesis of mechanism
seems to involve the shield effects
of titanium dioxide and its ability to
act as a photo-catalyst. The degra-
dation of the surface by sunlight can
be seen on the upper right side. It is
a mild one. In contrast, the stronger
ultraviolet rays cause the degrada-
tion on the inside by the activated
titanium dioxide. This degradation of the inside is different than the degradation of natu-
ral exposure. Currently, this process is under investigation using a depth profile.

Chemical Changes by FTIR Technique

We studied the chemical changes of coatings with the proceeding weathering test. The
results are shown in Figure 13. The outdoor exposure data in Okinawa steadily rises with
weathering time. 

Continued weathering increases concentration of the carbonyl groups within the poly-
mer and simultaneously reduces the ester group content. The ratio of each group was
defined as the Polarity Index (Y) given below: 

Y = S (A) / S (B)

S (A) : Fraction of Carbonyl group (1650-1730 cm–1)

S (B) : Fraction of Ester group (around 1730 cm–1)

As can be seen in Figure 14 (the Polarity Index), the outdoor exposure data in
Okinawa steadily rises with weathering time in contrast with DMW (Daipla Metal
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Figure 13—Chemical change of FTIR during the exposure
in Okinawa.



252

Figure 16—Polarity Index by Remote Plasma
machine.

Figure 15—Polarity Index on DMW machine.

Figure 14—Polarity Index in Okinawa exposure.
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Weather tester, one of the accelerated weathering testers with a metal halide lamp, it has
higher irradiance for the ultraviolet wavelength like SUV method than solar radiation).
There is no increase in the Polarity Index as in Figure 15. This result means that the
point of decrease in concentration of the ester group contents, and decomposition of the
polymer in coatings, is no greater than the formation of the carbonyl group. In other
words, the accelerated method using strong energy of an ultraviolet ray under 300 nm,
cannot be correlated with outdoor exposure.

The Polarity Index from the Remote Plasma Reactor given in Figure 16 shows the
trend as similar to that obtained from outdoor exposure in Okinawa. 

SUMMARY AND CONCLUSIONS

The experiments carried out for the weatherability prediction demonstrate that the
Remote Plasma Reactor can offer distinct advantages over conventional methods. The
results obtained can be summarized as follows:

(1) A Remote Plasma Device for weatherability prediction has been successfully
developed. This acceleration machine provides a promising new prediction method. 

(2) Although the Remote Plasma methods have a fast acceleration compared with the
conventional methods like a Xenon weather-machine, it is important to control and to
adjust the proper operating parameters, as well as the appropriate selection of plasma
configuration. 

(3) For the study of weatherability or durability, we should combine exposure test
results with analytical evaluation. Then we can totally predict the weatherability and the
durability of the products.

(4) The new method, Remote Plasma, is useful for evaluation of the durability of
industrial materials and helpful for the selection of raw materials in polymer design.
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Characterizing and Modeling 
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INTRODUCTION

Coatings are designed to achieve a particular appearance effect and to protect con-
sumer products and built structures. The ability to accurately characterize appearance
attributes of a coating and to relate these attributes to material and performance proper-
ties continues to be of great academic and industrial research interest. Key material prop-
erties, such as surface topography, pigment dispersion, and heterogeneity in microstruc-
ture, affect the appearance and are believed to impact the service life and mechanical
properties of a coated object. Currently, specular gloss measurements using commercial-
ly available glossmeters remain the primary measurement tool for assessing the appear-
ance and durability of coated objects. However, it has not been possible to consistently
correlate specular gloss measurements with the fundamental micro-physical surface
properties, such as surface roughness, pigment dispersion, and subsurface microstructure
of a material, that are felt to affect the appearance of a coating. These changes can only
be monitored through changes in diffuse scattering intensity, which commercial glossme-
ters do not measure. 

Chapter 17

Metrologies for Characterizing Optical Properties
of Clear and Pigmented Coatings

Li-Piin Sung, Xiaohong Gu, Haiqing Hu, Cyril Clerici, 
and Vincent Delaurent
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Gloss and color performance attributes are commonly used in the coatings
industry to assess the appearance of new and weathered coatings. Advances in
appearance measurements and models are needed to satisfy continued
demands from customers for materials having enhanced appearance qualities
that last throughout the life of a product. In this chapter, we present an angu-
lar-resolved, surface-optical scattering metrology for characterizing the optical
reflectance properties of a coating. Through an analysis of the specular and
off-specular optical scattering profiles, a link has been established between
surface morphology and subsurface microstructure to optical reflectance prop-
erties of a coated material as a function of weathering time. Optical data for
coatings having different degrees of pigment dispersion at various UV-expo-
sure times were obtained using laser scanning confocal microscopy and com-
pared to corresponding optical scattering data. 



Recent efforts at National Institute of Standards and Technology (NIST)1-3 in linking
the surface morphology and subsurface microstructure to optical reflectance properties of
a coated material using a ray scattering model have provided an approach to calculate and
understand the optical reflectance for a given surface morphology and subsurface
microstructure. The outcome of this research provided (1) an improved understanding of
the microstructural basis for coating appearance, and (2) the development of tools for
producing computer graphic images (computer rendering) to visualize the color and gloss
of surfaces using measured data and models. Computer rendering may potentially pro-
vide a powerful tool for identifying coating parameters that primarily determine a coat-
ing’s appearance. Another important aspect of color and appearance studies is to identi-
fy the relative importance of these parameters in affecting the service life of a coated
material, a primary goal of the optical scattering research in the Building and Fire
Research Laboratory (BFRL) of NIST. 

In this chapter, we report on the effect of pigment dispersion on (1) surface morphol-
ogy and optical properties (appearance), and (2) the weathering durability of a TiO2 pig-
mented epoxy coating. Different degrees of pigment dispersion were achieved by vary-
ing the mixing conditions. For the purposes of comparison, the time-resolved weathering
results of unpigmented clear epoxy coatings are also reported. The microstructure and
dispersion of pigmented epoxy coatings were characterized using ultra small angle neu-
tron scattering (USANS). Atomic force microscopy (AFM) and laser scanning confocal
microscopy (LSCM) were used to characterize surface morphology of the unexposed and
weathered coatings. A full angular-resolved optical scattering profile was used for under-
standing the physics and impact of surface morphology and subsurface microstructure on
the appearance of a coating as a function of weathering time. Commercial gloss measure-
ments were also carried out to study the corresponding optical properties of the coatings,
and were compared to surface optical scattering results. 

EXPERIMENTAL*

Materials and Sample Preparation

An amine-cured, unfilled (unpigmented) and pigmented epoxy coating was used in
this study. The unfilled epoxy was a mixture of a pure diglycidyl ether of bisphenol A
(DGEBA) with an epoxy equivalent of 172 g of resin containing 1 g equivalent of epox-
ide (Der 332 from Dow Chemical) and 1,3-bis(aminomethyl)-cyclohexane (1,3 BAC) at
the stoichiometric ratio. Appropriate amounts of toluene were added to the mixtures of
epoxy resin and amine curing agent, which were then mechanically stirred. After being
degassed in a vacuum oven, the mixture was applied onto the substrates in a CO2-free,
dry air glove box. Then, 150 μm thick films were obtained by casting the mixture onto
a glass substrate coated with black coating using a drawdown technique. All samples
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quately specify the experimental procedure and equipment used. In no case does such an identification imply recommen-
dation or endorsement by the National Institute of Standards and Technology, nor does it imply that the products are nec-
essarily the best available for the purpose.



were cured at room temperature for 24 h in a glove box, followed by heating at 130°C
for 2 h in an air-circulating oven. 

Pigmented epoxy samples were prepared using the same ratio of epoxy resin and
amine curing agent with 15% pigment volume concentration (PVC) commercial pigment
grade TiO2 (Dia. ≈ 230 nm). The solvent was n-butyl acetate and 1-methoxy-2-propanol
acetate at a 4:1 ratio. Due to the inherent complexity involved in controlling pigment dis-
persion, samples were prepared by the following procedures: (1) epoxy resin was mixed
with/without dispersant in the solvent using a mechanical mixer at 210 rad/s mixing
speed for 20 min. six percent (by mass of pigment) of a high molecular weight wetting
and dispersing cationic agent was used as dispersion in this case; (2) TiO2 pigment was
added while mixing at 365 rad/s for 60 min; (3) amine curing agent was added at the sto-
ichiometric ratio with respect to epoxy resin and mixed at 105 rad/s for 10 min; (4) the
mixture was applied to release paper using a drawdown technique in a CO2-free, dry air
glove box with a wet film thickness of 150 μm; and (5) samples were cured at room tem-
perature for 24 h in a glove box, followed by heating at 130°C for 2 h in an air-circula-
tion oven. The samples were denoted as “Clear” for unpigmented epoxy; and “Disp” and
“NonDisp” for the pigmented epoxy coatings with and without dispersant added into the
mix, respectively.

Outdoor UV Exposure

Outdoor exposures were conducted on the roof of a NIST laboratory located in
Gaithersburg, MD. Specimens were loaded in multiple-window exposure cells and placed
in an outdoor environmental chamber at five degrees from the horizontal plane facing
south. The bottom of the chamber was made of black-anodized aluminum and the top of
the chamber was covered with “borofloat” glass; all four sides of the chamber were per-
forated and these perforations were covered with a non-moisture absorbing fabric materi-
al that acted as a filter to prevent dust particles from entering the chamber. The exposure
cell was equipped with a thermocouple and a relative humidity (RH) sensor, which record-
ed temperature and RH in the chamber at minute intervals throughout the day. 

Sample exposures were started at the beginning of each of five different months in
2003 and 2004. The rates of degradation for the epoxy films exposed at each starting date
differed; hence, the exposure durations required to achieve the same amount of degrada-
tion depended on the starting date. The starting months were October of 2003, and
March, July, September, and December of 2004. Specimens are differentiated by their
exposure date; thus, specimens have been designated as the October03 group, the
March04 group, the July04 group, the September04 group, and the December04 group.

Microstructure, Pigment Dispersion, and Surface Morphology
Characterization

Ultra small angle neutron scattering (USANS) was carried out to characterize the
microstructure and pigment dispersion of the coated samples. The USANS measurements
were performed at the NIST Center for Neutron Research (NCNR) using a perfect crys-
tal diffractometer (PCD) instrument. Details of instrumentation and scattering theory are
given in references 4 and 5. The USANS data presented in this chapter were a one-dimen-
sional absolute scattered intensity curve as a function of the scattering wave vector, q =
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4π sin(θ /2)/λ, where θ is the scattering angle and λ is the wavelength. The estimated
extended uncertainties (k=2) in the data are presented in this chapter.

Atomic force microscopy (AFM, Veeco Metrology Dimension 3100) and laser scan-
ning confocal microscopy (LSCM, Zeiss LSM510) were used to characterize surface
morphology of the unexposed and weathered coatings. Details of instrument specifica-
tions and measurement protocols are given in references 6–9. By combining these two
microscopic measurements, a wide range of length scale surface areas could be observed
from (1 μm x 1 μm) to (2 mm x 2 mm). The AFM images presented here are height
images, while the LSCM images are two-dimensional (2D) intensity projections. The 2D
intensity projection images are effectively the sum of all the light backscattered by dif-
ferent planar layers of the coating. The pixel intensity level represents the total amount
of backscattered light. Approximately 6 to 10 micrographs were obtained for each sam-
ple, with representative images reported here. 

From the 3D topographic profiles, the root-mean-square (RMS) surface roughness, Sq,
was calculated using a surface tilt correlation and an automatic plane fit.9 Plane fit is
commonly used to remove tilt from images. A single polynomial fit was calculated for
the entire image and then subtracted from the image. Sq was computed using the follow-
ing formula:

(1)

where 

(2)

Here, z (xi, yj) is the surface height at position (xi, yj), and Nx and Ny are the number of
pixels in the X- and Y-directions, respectively.

Optical Properties Measurements 

Optical scattering measurements were conducted at several incident angles in the
specular and off-specular configurations on surfaces of unexposed and weathered coat-
ings using a custom-built optical scattering instrument in the Building and Fire Research
Laboratory at NIST.9 Specular scattering is dominated by the optical contrast and surface
gloss of a coating. The major contributors to off-specular scattering include surface
roughness, subsurface scattering from pigments, and other sources of heterogeneity in the
polymer matrix. Figure 1a presents the optical geometry, where θi and θs are the inci-
dence and scattering angles measured with respect to the normal of the sample, and θas is
the aspecular angle, the angle measured away from the specular direction. Figure 1b
shows a representative 2D scattering profile for the incidence angle of 20° and θas = 3°. 

In the remainder of this chapter, optical results are presented as a 2D scattering pat-
tern or as a one-dimensional 1D circularly-averaged scattered intensity curve as a func-
tion of the scattering angle away from the specular angle. Estimated uncertainties in the
optical scattering intensity data are ± 4% from the mean value computed from measure-

1 1

1
( , )

yx NN

c i j
i jN Nx y

S z x y
= =•

• • •= ∑ ∑

2

1 1

1
( , )

yx
NN

q i j c
i jN Nx y

S z x y S
= =•

• • • ⎡ ⎤= −⎣ ⎦∑ ∑

260



ments at four different locations on a specimen. Specular gloss measurements were car-
ried out using a handheld commercial glossmeter (Minolta, Multi-Gloss model 268) con-
forming to the ASTM D 523 standard measurement protocol. The data were expressed as
gloss retention, which is defined as the percentage change in the gloss of a specimen rel-
ative to its initial gloss value. Estimated uncertainties in the gloss retention are one stan-
dard deviation from the mean value of eight measurements per sample for each of three
replicates or, equivalently, one standard deviation from the grand mean value of 24 meas-
urements.

RESULTS AND DISCUSSION

Exposed Clear Epoxy Coatings

Figure 2 shows the surface morphological LSCM images (top row, image size: 460
μm x 460 μm) and AFM images at the same exposure times (bottom row, image size: 10
μm x 10 μm) of clear epoxy samples for the (a) March04 and (b) July04 groups. The
exposure histories, including temperature and humidity, were different for these two
groups. For the March04 group, the exposure conditions were initially cold and dry but,
later in the exposure, the conditions were warm and humid; the July04 group was imme-
diately exposed to hot and humid conditions. Consequently, the rate and pattern of mor-
phological changes differ for these two groups. Nevertheless, both groups exhibit similar
morphological changes as shown in Figure 2. At a larger size scale (LSCM images, 460
μm x 460 μm, Figure 2a) in the March04 group, the surface started from smooth with a
few particle-like features (38 d, Figure 2a), then cracks and some surface features
appeared (69 d, 77 d, and 84 d). At a smaller size scale (AFM images, 10 μm x 10 μm),
some sub-microscale features that were not visible in LSCM images are revealed. The
degradation started with the formation of protuberances (38 d, Figure 2a), pits (69 d,
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Figure 1—(a) Optical geometry of the scattering experiment, and (b) 2D
scattering profiles obtained from a surface at θas = 3°. Here, θi is the inci-
dent angle, θs is the specular angle, and θas is the aspecular angle, which is
the angle measured away from the specular direction. 



Figure 2a) and, finally, the aggregation and deepening of the pits (77 d, and 84 d, Figure
2a). Compared to the March04 group, the changes in surface morphology of the July04
group (Figure 2b) appeared to occur faster due to the warmer, more humid starting expo-
sure conditions. By combining large scale and small scale morphological changes (e.g.,
large scale changes include the growth and the distribution of cracks, changes in pit den-
sity, and surface roughness while small scale changes include the formation, deepening,
and aggregation of individual pits), one can observe patterns in the topography of the
amine-cured epoxy coatings as they weather.10

Insight into topographic changes and how these changes impact the optical properties
are provided by an analysis of the surface roughness and the correlation between surface
roughness and gloss measurements. Figures 3a–3c show the (a) RMS roughness and cor-
responding (b) 20° and (c) 60° gloss retention as a function of exposure time for four
exposure groups. These roughness values, based on 460 μm x 460 μm LSCM images,
were calculated using a surface tilt correlation without a numerical filter. Here, gloss
retention is defined as the percentage change in the gloss of a specimen relative to its ini-
tial gloss value. RMS and gloss retention changes are fastest in the July04 group samples
and slowest in the October03 group. On the other hand, it appears that the October03
group has the longest plateau before the gloss significantly drops; while the July04 group
has the shortest one, which corresponds to the fast changes in surface roughness in July04
group. As predicted, different groups display different gloss change behaviors as
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Figure 2—LSCM (top row) and AFM (bottom row) images of (a) March04 and (b)
July04 groups epoxy coatings after outdoor exposure in Gaithersburg, MD, at expo-
sure times as labeled. The lateral dimensions for LSCM images are 460 μm and for
AFM images are 10 μm. 



observed in surface roughness changes, indicating that the exposure conditions have a
great effect on weathering rate. Normally, the surface topography and gloss values are
strongly correlated for a clear coating.1

To examine the correlation between these two physical properties for a weathered clear
coating, we have also plotted the surface roughness versus the corresponding gloss reten-
tion for both 20° and 60° in Figure 3d for the September04 group. The estimated corre-
lation coefficient between the gloss retention and RMS roughness is slightly higher for 60°
gloss than 20° gloss measurements (R2 = 0.93 versus R2 = 0.87, where R is the correlation
coefficient). Note that gloss measurement by a commercial handheld glossmeter only col-
lects a narrow angular range of light scattered around the specular direction. With the
increase of RMS roughness, the proportion of the specular scattering in the total light scat-
tering profile decreases.1 For rougher surfaces, the 60° gloss measurement provides a
higher signal to noise ratio than the 20° gloss measurement due to a higher reflectance val-
ues for incident angle of 60° than that of 20°. Thus, the 60° gloss measurements provided
a better correlation with surface roughness than did the 20° measurements.

To investigate how surface morphology affects the optical properties of a weathered
clear coating, an angle-resolved optical scattering technique was used in which optical
scattering measurements were conducted at various incident angles in the specular and
off-specular configurations. The results are separated into specular and off-specular
intensities and compared to the results from the gloss and the roughness measurements.
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Figure 3—(a) RMS roughness (LSCM 460 μm x 460 μm), (b) 20° and (c) 60°
gloss retention (%) versus exposure time for the October03, March04, July04, and
September04 groups. (d) Correlations between roughness (LSCM 460 μm x 460
μm) and gloss retention (20° and 60°) for the September 04 group. The RMS data
is averaged from at least two samples measured at five different locations. Gloss
data is the average of 8 to 10 measurements on each specimen. Variability for
measured data is less than 10%.



Figure 4 displays LSCM images of a December05 group specimen after increasing
lengths of outdoor exposure along with their corresponding 2D optical scattering profiles.
Quantitatively, the intensities of the specular reflectance and off-specular diffusive scat-
tering were plotted against the exposure time (Figure 5a). As shown, specular intensity
decreases with increased exposure time, which is consistent with the gloss retention
changes shown in Figure 5b. 

On the other hand, changes in the off-specular reflectance intensity are much greater
than those for specular reflectance and, indeed, exceed the intensity of the specular
reflectance after 179 days of exposure. The general trend of the off-specular scattering is
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Figure 4—(a) 2D projection LSCM images of a December05 group epoxy coating after
outdoor exposure in Gaithersburg, MD, for (from left to right) 0 d, 129 d, 170 d, and 184d,
and (b) the corresponding 2D optical scattering (OS) profiles for incident angle of 20°
with an aspecular angle of 3°. The box in the OS profiles is the specular region, which is
the equivalent angular range measured by a commercial glossmeter. 

Figure 5—(a) Specular and off-specular intensity obtained from OS profiles; (b)
RMS roughness (LSCM) measured at area of 460 μm x 460 μm, and (c) 20° gloss
retention versus exposure time for a December05 group exposed to the outdoors.



similar to the change of the RMS roughness (Figure 5c). This suggests that the major
contribution to off-specular scattering is an increase in surface roughness, assuming that
subsurface structures have remained unchanged. These preliminary results indicate that
the commercial gloss measurement may not fully capture the weathering response of a
rough surface when off-specular scattering becomes significant. Future work includes
applying an optical scattering model to the AFM and LSCM profile data, so that the cor-
relation between the nanoscale/microscale topographical changes and macroscale
appearance can be predicted. 

Unexposed TiO2 Pigmented Epoxy Coatings

The optical property of a clear coating is dominated by the surface roughness and
index refraction of the materials. However, the optical properties of a pigmented coating
are much more complex due to the contribution of subsurface scattering. We investigat-
ed the impact of pigment dispersion on surface and subsurface scattering in unweathered
and weathered TiO2 epoxy coatings. The procedure for producing well-dispersed and
poorly dispersed pigmented coatings is described in the Experimental section.
Characterization of microstructure and degree of dispersion of pigmented TiO2 epoxy
coatings was conducted using USANS and the results are shown in Figure 6a. In the low
q region (i.e., at larger size scale), the scattering intensity of the NonDisp coating is much
higher than that of the Disp coating. This implies that larger clusters exist in the NonDisp
coating than in the Disp coating. The scattering curve of the Disp coating can be fitted to
a form factor of polydisperse spheres with a TiO2 particle size equivalent to a sphere
radius of (115.2 ± 5.0) nm with a polydispersity of 19%. However, it is difficult to obtain
a meaningful fit to the scattering curve of the NonDisp coating due to the wide range of
sizes and shapes in the coating microstructure. 
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Figure 6—(a) USANS scattering intensity of Disp and NonDisp coatings as a function of
scattering wave vector q in a log-log plot. The error bars are smaller than the size of sym-
bols. (b) 2D projection LSCM images and (c) images from 3 μm below the polymer-air sur-
face. All LCSM image sizes are 64 μm x 64 μm. The scale bars in the images are 5 μm. 



The surface morphology (Figure 6b) and subsurface structure (Figure 6c) are present-
ed in the 2D LSCM images for the two coatings. The bright spots originate from the
backscattered reflectance from the TiO2 particles; therefore, by analyzing the intensity
distribution of the LSCM images, the pigment distribution at/near the coating surface can
be mapped.9 There is a significant difference in terms of surface topographic features and
optical contrast in the 2D LSCM projection images as shown in Figure 6b. The differ-
ences in subsurface microstructures (3 μm below the surface, Figure 6c), however, are
greater. As seen in Figure 6c, the subsurface of the NonDisp coating exhibits irregular
domains that are not observed in the Disp coating. Figure 7 shows more detailed infor-
mation. In the cross profile of Disp coating (Figure 7a), there is a 2.2 μm gap between
the polymer-air interface (the solid line) and the pigment-rich layer (the dashed line).
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Figure 7—Orthogonal cross profile of (a) Disp and (b) NonDisp LSCM images.
From the coating interfaces between air, polymer, pigment-rich layer, the appar-
ent clear (pigment-poor) layer can be determined as shown in the images. All
LCSM image sizes are 64 μm x 64 μm. The uncertainty of the thickness meas-
urement is ± 0.5 μm. 

Figure 8—The 2D optical scattering (OS) profiles of (a) Disp (b) NonDisp coatings at 20° (top) and 45°
incident angles with  θas = 3°, and (c) 1D scattering curving as a function of angle from aspecular angle
at 20° incident angles. The OS scattering curve of Clear coating is also plotted in (c) for reference.



However, a 3.4 μm gap was observed between the air-polymer and the pigment-rich layer
in the NonDisp coating (Figure 7b). AFM, LSCM, and Scanning Electron Microscopy
(SEM) measurements have been conducted and have independently confirmed the exis-
tence of these observations.11 The existence of a clear layer on top of the pigment layer
was first proposed in 1945 by Rutter.12 Colling and Dunderdale13 introduced their “clear
layer theory” to explain the importance of this layer to gloss and to the loss of gloss as a
coating weathers. As we will describe later, we confirm the existence of the clear layer
and highlight the significant role that this clear layer plays in the UV degradation process
of a TiO2 pigmented coating. 

The corresponding 2D OS intensity profiles at an incident angle of 20° and 45° with
θas = 3° are displayed in Figures 8a and 8b. Note that optical scattering is a result of light
scattered from each constitute/component (polymer, pigment) of a coating on the surface
and in the subsurface. Additionally, the specular scattering is dominated by the optical
contrast (index of refraction) and surface glossiness of a coating, and the major contribu-
tion of off-specular scattering is from surface roughness and subsurface scattering from
the pigments and heterogeneity in the polymer matrix. By studying optical scattering pro-
files, valuable information for analyzing microstructure and pigment dispersion near the
surfaces can be obtained. A quantitative comparison of optical properties between Disp
and NonDisp coatings can be demonstrated by plotting 1D scattering curves as a func-
tion of angle from the specular angle. As shown in Figure 8c, the optical scattering inten-
sity of the NonDisp displays a higher off-specular (diffuse) scattering than that of Disp.
This is due to the higher surface roughness (0.10 μm versus 0.05 μm at size scale 64 μm
x 64 μm shown in Figure 6b) as well as the irregular subsurface microstructure as
observed in Figure 6c. Clearly, poor pigment dispersion affects surface morphology and
subsurface microstructure, and consequently affects the optical properties of a coating. 

Exposed TiO2 Pigmented Epoxy Coatings

Changes in light scattering from clear and TiO2 pigmented coatings were studied as a
function of exposure time and degree of dispersion. Three epoxy coatings, Clear (as a ref-
erence), Disp, and NonDisp, were exposed starting in June 2006; the surface morpholo-
gy, material properties (such as glass transition temperature and mechanical properties),
and optical properties were recorded as a function of exposure time. In all cases, the sur-
face roughness increased, and some surface deterioration (holes, bumps, and cracks)
appeared with increasing outdoor exposure time.11 Figure 9 shows surface morphology
of the three coatings (Clear, Disp, NonDisp) at different measured size scales and their
corresponding 2D optical scattering profiles at 151 d exposure time. The deterioration
paths are observed to differ for each coating. As shown in Figure 9a, the NonDisp coat-
ing exhibited greater surface deterioration than did either the Disp or Clear coating
(LSCM images at 5x magnification and the measured area of 1840 μm x 1840 μm).
These surface morphology changes directly impact optical properties, and, hence, the
appearance of the coatings. As a result, optical scattering profiles reveal a strong increase
in diffuse scattering and a specific scattering pattern from cracks as shown in Figure 9d
for the NonDisp coating. 

However, there are no obvious differences at smaller size scale (Figure 9c: LSCM
images at 150x magnification and the measured size of 64 μm x 64 μm) compared to that
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Figure 9—LSCM images at magnification of (a) 5x, (b) 20x, (c) 150x, and (d) OS profiles at 20°
incident angle for Clear, Disp, and NonDisp coatings after 151 d outdoor exposure. The size scale
bars in (a) to (d) represent 100 μm, 50 μm, 5 μm, and 3°, respectively. The boxed areas in (d) are
compatible to the angular range of 20° commercial specular gloss measurements.

Figure 10—LSCM (top row) and AFM (bottom two rows) images of (a) Disp and (b)
NonDisp coatings after outdoor exposure in Gaithersburg, MD, for 151 d and 179 d. The
sizes of the measured area are indicated in the micrographs.
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of unexposed coatings (as shown in Figure 6b). Note that an LSCM is an optical scatter-
ing device, which collects the light reflected back from both surface and subsurface; thus,
we can not detect the exact location (on or near surface) of the pigments. By combining
the AFM measurements, which analyze nanometer-scale surface topographic features,
we can determine location of the pigments and the effect of the clear (pigment-poor)
layer on the degradation process. Figure 10 shows LSCM (top row, 20.5 μm x 20.5 μm)
and AFM (two bottom rows, 25 μm x 25 μm and 10 μm x 10 μm) high magnification
images for (a) Disp and (b) NonDisp exposed coatings at 151 d and 179 d exposure time.
At 151 d exposure time, no significant differences are observed in the LSCM images for
the two coatings, but the AFM surface measurements are smoother for the NonDisp than
the Disp specimens. At 179 d exposure time, LSCM images shows clear pigment parti-
cles distributed throughout the area in the Disp coating, while slightly fuzzy pigment
images and cracks are observed in the NonDisp coating. Furthermore, we can clearly dis-
tinguish the surface features in the AFM images (10 μm x 10 μm). For the Disp coating,
pigments emerge on the surface and exhibit chalking behavior after 179 d of exposure
time. On the other hand, there are no pigments appearing on the NonDisp coating, but
increased surface roughness and cracks appear. This observation confirms that an appar-
ent clear layer (pigment-poor layer) exists near the coating surface of the NonDisp coat-
ing. Due to differences in the thicknesses of these clear layers, we would expect a differ-
ence in degradation rate, but not degradation mechanism, for Disp and NonDisp coatings.

Small length scale surface morphological changes, however, might not directly affect
changes in appearance (i.e., optical properties) of the coatings. To gain a better under-
standing of the correlation between surface morphology and optical property of outdoor
weathered coatings, we plotted (a) LSCM RMS surface roughness data obtained from a
measured area of 1840 μm x 1840 μm, (b) the apparent clear layer thicknesses, and (c)
the 20° gloss retention data as a function of the outdoor exposure time for Disp and
Nondisp coatings, as shown in Figure 11. As expected, the RMS surface roughness
increased with increasing exposure time, and the trend in the changes was the same for
both coatings up to 225 days. However, there are significant changes observed in the
apparent clear layer thickness (Figure 11b) and the 20° gloss retention values (Figure
11c). There is a large change in the apparent clear layer thickness around 80 d in the
NonDisp sample, that caused a corresponding drop in its gloss retention. The big differ-
ence in the gloss retention might be due to the different morphological changes among
those coatings when exposed to outdoor UV radiation. The Disp coating underwent
degradation similar to the contraction model described by Colling and Dunderdale.13

With the contraction of the polymer matrix, pigments emerge to the surface and chalking
eventually occurred (at a later exposure time not presented in this chapter). However, in
the NonDisp coating, the top layers of the coatings received the most ultraviolet radia-
tion exposure, so the clear layer was the first to degrade. As a result, the NonDisp coat-
ing underwent surface degradation similar to the non-pigmented clear coating10 first, and
then followed the same degradation process as the Disp coating. 

Since both Disp and NonDisp coatings had the same PVC of TiO2 pigments in the
entire samples (ca 120 μm thick), the spatial distribution of pigments inside the NonDisp
coatings are more agglomerated than in the Disp coating due to the existence of the clear-
layer near the surface. This effect has been confirmed by the SEM measurements on the
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center of the coatings in the cross-sectioned samples. The result shows a higher PVC and
a larger cluster size in the center of the NonDisp coating than that in the Disp coating.11

This result also helps to explain why the gloss value rapidly dropped to 45% (before 100
d) and increased again to almost 70%. As expected, the surface roughening of the appar-
ent clear layer (before 100 d) contributed to the loss of the gloss; then the increase in
reflection contribution is due to the higher index of refraction pigment-rich layer near the

Figure 12—(a) Specular and (b) off-specular scattering intensities versus exposure time for
Disp and NonDisp coatings. The error bars represent one standard deviation from measure-
ments from four different locations. There is a break (no measurements) between 52 d and
132 d.

Figure 11—(a) RMS surface roughness measured at area of (1840 x 1840) μm, and (b)
apparent clear layer thickness, and (c) 20° gloss retention for Disp and NonDisp coatings
as function of outdoor exposure time. Dashed line in (b) indicates the unexposed apparent
clear layer of the Disp coating. Data was a mean of four replicates. The error bars repre-
sent one standard deviation.
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surface when the clear layer became thinner (≈ 2 μm ± 0.5 μm). Moreover, the RMS sur-
face roughness data measured using AFM (but not by LSCM) increased up to 100 d then
decreased after 100 d. This explains why the gloss value increased after dramatically
decreasing around 100 d. This result also implies that the degradation rates and mecha-
nisms are different due to different states of pigment dispersion at this particular set of
samples.

To correlate the morphological changes in the weathered coatings to their optical
properties, we needed to analyze the full angular-resolved optical scattering profiles in
terms of specular and off-specular portions. To obtain the time evolution of the scatter-
ing profiles, the specular intensity was integrated within the box area indicated in Figure
9d, and the off-specular intensity was calculated from the rest of viewing area of the 2D
detector. Figure 12 shows the normalized (a) specular and (b) off-specular intensities at
different exposure times for both Disp and Nondisp coatings. The specular data are con-
sistent to what we obtained from the 20° gloss data with the exception of the time peri-
od between 52 d and 130 d, in which no measurements were conducted. From the off-
specular data, we observed a smoothly increasing curve in the Disp coating, but the trend
in the NonDisp data appeared to be more complicated and could be related to the evolu-
tion of surface/subsurface morphology of the weathered NonDisp coatings. This result
also reveals the importance of tracking both specular and off-specular intensities as the
coating weathers to fully understand the overall optical properties. Note that the detect-
ing angular range of a commercial specular glossmeter is equivalent to the box areas
illustrated in Figure 9d. Therefore, the commercial gloss measurements are not always
adequate to capture the overall changes in optical properties of a pigmented coating as
exposed to UV radiation. Extensive microscopic, optical scattering, and other analyses
are ongoing to better correlate the pigment dispersion to performance properties. Our
future work will include collaborating with computer-rendering researchers to identify
relevant measurements in morphological and optical data using outdoor and accelerated
aging to feed in modeling and visual simulation. The final product based on optical meas-
urements and aging models from NIST will be applied to obtain sample visualizations
and service life prediction of coatings applied to structures and products using a variety
of rendering systems and techniques. 

SUMMARY

We have demonstrated that optical scattering is a powerful tool for characterizing sur-
face morphology and subsurface structure due to different pigment dispersion in a coat-
ing system. The effect of pigment dispersion on the weathering durability of a TiO2-pig-
mented epoxy coating was also investigated. Unlike commercial specular gloss measure-
ments, the full angular-resolved optical scattering profile has revealed both specular and
aspecular scattering information, which can be directly linked to the surface morphology
and subsurface microstructure measured using LSCM and AFM. The preliminary results
have shown a great promise in elucidating the degradation process, and for developing a
method that can be used to predict coating appearance during weathering. 

In the future, we will use the following approaches to develop a methodology for pre-
dicting the appearance properties from weathered coatings: (1) conducting quantitative
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measurements on the surface morphology and collecting full angular optical scattering
profiles in earlier stages of the degradation; (2) analyzing the trends and scaling behav-
ior in the morphological and optical scattering data for different degradation times; (3)
modeling optical properties from predicted surface morphological data and comparing
them to the measured optical scattering data; and (4) collaborating with computer-render-
ing programmers and researchers to generate virtual weathered data.
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INTRODUCTION

Computer graphics software and hardware has advanced to the point where innova-
tive computer graphics programs can be written to address automotive paint engineering
problems. New computer graphic reflection models have been developed that allow tra-
ditional automotive paint measurements to be employed when making renderings of
automotive surface coatings. Computer graphic cards now have special purpose hardware
that permits these reflection models to be evaluated at interactive rates. The new vehicle
paint reflection models and special purpose graphics hardware let new applications be
written to accomplish tasks related to automotive paint engineering. These tasks include
designing the color of new automotive paints, prototyping the appearance of new paints
by using video projectors, and creating virtual automotive spray paint simulations.

The technical advance that will make this new generation of automotive paint engi-
neering tools possible involves software for modeling light reflection from vehicle paint
and hardware for evaluating that reflection model at interactive rates. The automotive
paint model makes use of standard color appearance measurements for vehicle paint
including ASTM gloss and multi-angle Lab color measurements. The programmable
shaders now available on graphics cards allow this complicated reflection model to be
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Recent developments in computer graphics software and hardware have made
it possible to write computer graphics programs that can be used to solve auto-
motive paint engineering problems. New surface reflection models have been
created for simulating the appearance of automotive paint, and the hardware
available today on graphics cards allows these reflection models to be evaluat-
ed in real-time. Three interactive computer graphic programs have been writ-
ten that demonstrate the potential of using the new software and hardware to
find answers to engineering problems involving automotive surface coatings.
The first program allows the color appearance of new metallic and pearlescent
automotive paints to be designed, the second application demonstrates how
video projectors can be used to make an object appear as if it has been cov-
ered with automotive paint, and the third program is a virtual reality simula-
tion of spraying automotive paint onto a surface.
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evaluated in real-time. This permits an object to
be rotated and moved on the screen so that its
color appearance can be inspected. The color
appearance of the paint can be changed interac-
tively by modifying the parameters of the
reflection model. The new reflection models
and shader technology are discussed in the next
section of this chapter.

The new automotive paint engineering tools
facilitated by these hardware and software
advances are just beginning to emerge. An inter-
active computer graphics program to design
new vehicle paint colors is now possible
because of the advanced surface reflection mod-

els and the ability to evaluate these models in real-time at each screen position. Video
projectors have become brighter and cheaper, and, when driven by an advanced video
card, they can be directed at a three-dimensional object to make the object look as if it
was painted a new color. The new graphics cards can also be used to produce a video sig-
nal for a head-mounted display and offer an immersive simulation of applying automo-
tive paint by using a spray gun. These emerging automotive paint engineering applica-
tions are described in separate sections of this chapter.

BACKGROUND

Reflection Model

To simulate the look of automotive paint, a reflectance model has been developed that
is based on standard appearance measurements.1 The goal of this work was to find the

correspondence between the parameters of
existing computer graphic reflection models
and two appearance measurements that are
used in industry. The two aspects of surface
reflection that are captured by the model
include how light reflects from the top layer
of the paint (gloss) and from the metal flake
below the surface (aspecular measurements).
This section describes the individual compo-
nents of the model and how they are com-
bined to create a complete model.

To develop the portion of the model that
accounts for surface gloss, a virtual gloss
meter was constructed. A gloss meter is a sim-
ple instrument that is used to determine the
ratio between the amount of light incident on
a surface and the quantity of light reflected
from that surface.2 The entrance and exit aper-
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Figure 1—Entrance and exit apertures for
the virtual gloss meter.

Figure 2—Numerical integration of a 3D
computer graphics reflection model across
the exit aperture of the virtual gloss meter.
Integration is repeated for each discretized
region of the entrance aperture.



tures of the simulated
device are shown in Figure
1. To use the virtual gloss
meter, the entrance aperture
is discretized, an incident
light direction is selected, a
computer graphics reflec-
tion model is evaluated, and
the resulting light distribu-
tion is numerically integrat-
ed across the exit aperture
(see Figure 2). The process
is repeated for all incoming
directions defined by the
discretized entrance aper-
ture, and a ratio between incident and reflected light is calculated. This ratio determines
the gloss value for the parameters used to evaluate the reflection model. Duplicating the
procedure for a range of parametric values results in a correspondence between gloss and
the model’s parameters (see Figure 3).

Light that is not reflected from the top of the paint interacts with the colorants and the
metal flakes that are located below the surface. The metal flakes determine the shape of
the reflectance function that is produced by this subsurface interaction, and the colorants
alter the spectral distribution of the light that is reflected away from the surface. The
change in color, caused by the colorants, is a function of the angle of reflection.
Experimental studies have shown that the rate of variation in both the color and the inten-
sity of the reflection for a metallic automotive paint can be characterized by a low order
polynomial.4 The change in CIE Lab coordinates with aspecular angle (an angle meas-
ured using the specular reflection direction as zero) can be fit using a second order poly-
nomial. Because it is easy to compute and lends itself to a good user interface, this sim-
ple function is used to model the part of
automotive paint reflection that is due to
subsurface interaction. (While a second
order polynomial is sufficient to model a
wide variety of vehicle paint in use today,
a higher order function may be required
to capture the range of variation possible
in newer paints containing effect pig-
ments and flakes.)

The complete reflection model for
automotive paint includes both the light
reflected from the exterior face of the
paint and the light reflected from the
metal flakes and the colorant below the
surface of the paint. A linear combination
of the gloss model and the aspecular
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Figure 3—Gloss versus roughness (standard deviation of the sur-
face slope) for the Ward isotropic reflection model.3

Figure 4—Linear combination of gloss reflection
model and metallic paint reflection model.



model is used to create the final reflection model for the vehicle paint. Figure 4 shows
how the reflection lobes for the two parts of the model are combined to create the com-
plete reflection function.

Real-Time Shading

The simulation of color and appearance has been greatly facilitated by the recent devel-
opment of real-time shading technology. A shader is a small special purpose piece of com-
puter code that is executed as the color of each pixel in a computer graphic picture is deter-
mined. Because shaders are programmable, they make it possible to implement a wide
range of surface reflection models including the automotive paint model described in the
preceding section. Shaders include reflection model variables that can be altered to change
the spectral and the spatial distribution of the light reflected from the material that is being
rendered. For the automotive reflection model, these variables include the aspecular meas-
urements and the gloss of the paint. Changing the value of the reflection model parameters
at interactive rates makes it possible to consider several alternative color appearances and,
in this manner, to design the color of the surface coating.

There are a number of technical issues that must be kept in mind when working with
real-time shaders. The computer code for shaders is written using special purpose pro-
gramming languages such as NVIDEA Cg, DirectX 9.0, and OpenGL 2.0. Once the shad-
er has been composed it is turned into a set of low level machine instructions by using a
compiler. These machine instructions must be downloaded onto the graphics card where
they will be executed by a special purpose graphics processor. The process of download-
ing the compiled code takes time and limits how quickly a shading model can be updat-
ed. There is also a restriction on how many shading instructions can be placed on the card
and on the number of those instructions that can be executed as each pixel color is deter-
mined. These limitations must be kept in mind when designing shader code.

Additional Work

In addition to the simulation techniques that are employed in this paper, there have
been other attempts to use computer graphics to reproduce the color appearance of auto-
motive paint. Full BRDF measurements of the finish have been made, and this data has
been used to generate a realistic image of a car.5 A three-dimensional model has been cre-
ated of the titanium-coated mica plates within the paint, a BRDF has been determined by
simulating light interaction with this model, and the resulting BRDF has been employed
to create a picture.6 An analytical model has been developed that accounts for the effect
of each constituent material within the paint,7 and an inversion technique has been pro-
duced that allows this model to be fit to an existing BRDF.8 The use of digital images to
acquire the reflectance properties of vehicle paint has also been explored.9

AUTO PAINT DESIGN PROGRAM

An interactive computer interface has been developed to allow stylists to design new
automotive paint colors.10 The interface is based on the reflectance model for automotive
paint that was described in the Background section of this chapter. The user makes mod-
ifications to the aspecular reflectance values that define the color appearance of the paint,
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and the result of making those changes is immediately displayed in a computer graphic
simulation. Adjustments can be made directly to the reflectance curve for the paint, or
alterations can be accomplished indirectly by using several novel interfaces. Once the
design has been completed, the desired aspecular reflectance values for the paint can be
written to a file. Given the expected reflectance properties of the coating, paint manufac-
turers can determine the formula necessary to produce the paint.

The interface for the styling program provides several novel ways to adjust the color
appearance of an automotive paint. A simple slider is available to change the 60 degree
ASTM standard gloss of the paint from 0 to 100. The aspecular reflectance curve for the
paint is drawn as part of the interface, and the reflectance values at the standard measure-
ment angles can be directly manipulated.
As adjustments are made to the
reflectance data, the program fits a sec-
ond order curve to the points and redraws
the curve. A second order fit is main-
tained because experiments have shown
that the reflectance curve of metallic
automotive paints usually has this char-
acteristic. To provide a more natural
interface for designers, interactive con-
trols are also provided to allow the aver-
age hue, saturation, and brightness of the
data values to be adjusted and to permit
the face and flop color of the paint to be
directly specified (see Figure 5).

As modifications are made to the
reflectance properties of the paint, a new

277

Figure 5—Automotive paint design program interface for selecting face
and flop colors.

Figure 6—Computer graphic image produced by
automotive paint design program.



computer graphic image is generated to show the change in the paint’s color appearance
(see Figure 6). This update occurs at interactive rates because programmable shaders are
available on modern graphics hardware. The new reflectance function, used to determine
the color of each pixel in the image, is downloaded as a shader to the graphics card. The
effect of environmental lighting is also taken into account by combining the new
reflectance function with a set of pre-filtered environment maps. To facilitate this light-
ing calculation, the reflectance function is fit to a finite set of special basis lobes.11 These
basis functions have been found, by experiment, to be an optimal set for representing the
reflectance functions produced by the paint design program. Representing the reflectance
function in this way limits the number of necessary pre-filtered environment maps and
accelerates the environmental lighting calculation.

Design exercises were conducted to demonstrate that the paint design program could
be employed to create new automotive colors.12 Stylists used the interface to design new
colors, often starting with an existing paint finish and making adjustments to it. The
desired measurements for the new paint were then downloaded into formulation software
and the necessary paint mixture was determined (see Table 1). The results were consid-
ered adequate for initial styling exercises.

APPEARANCE SIMULATION USING PROJECTORS

The automotive paint reflection model discussed in the Background section of this
chapter has been used to develop two new types of shader lamps. A shader lamp involves
the use of a video projector to create the illusion that an object has a color appearance
different from its normal surface finish.13 The concept of shader lamps was advanced by
employing the automotive surface reflection model to simulate the appearance of a real
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Table 1—Comparison Between the Target Aspecular Measurements for the Designed
Colors and the Actual Aspecular Measurements of the Manufactured Colors

Designed Manufactured

Angle L a b L a b

15 35.8 -29.8 -0.59 35.7 -27.4 -5.8
25 21.3 -20.2 -3.4 23.3 -20.6 -6.2

Green 45 7.6 -8.7 -7.7 8.8 -9.8 -7.2
75 4.2 -4.8 -7.0 3.9 -2.6 -6.4

110 3.5 -4.1 -6.4 3.0 -1.2 -5.5

15 43.8 55.3 46.2 45.0 53.5 43.8
25 33.6 49.7 39.7 36.5 47.7 39.1

Red 45 19.4 40.3 28.6 22.1 36.6 27.9
75 13.3 30.5 17.2 13.9 28.7 18.1

110 13.3 25.8 11.7 11.6 26.2 15.2

15 79.8 -48.4 -41.0 90.1 -48.2 -39.8
25 58.6 -37.0 -35.7 61.1 -35.3 -32.8

Blue 45 27.8 -19.2 -27.4 28.3 -16.4 -24.6
75 10.9 -5.1 -20.9 13.1 -6.3 -21.5

110 10.9 -3.8 -20.2 8.7 -4.5 -19.4



material: vehicle paint. A new type of shader
lamp, involving the color appearance of a flex-
ible sheet of material, was also introduced. In
addition, traditional shader lamps were
extended by adding illuminating light sources
and environmental reflections to the simula-
tion. The use of the automotive paint reflec-
tion model with shader lamps is described in
this section.

A new type of shader lamp was developed
that allows the user to manipulate a flexible
sheet of material and examine how light
reflects from the surface of the sheet as its
shape changes.14 The approach involved a
piece of plastic acetate that was tracked by a
magnetic positioning system while it was held
in front of a video projector. Two edges of the
sheet (bonded to back-projection screen) were
attached to rigid plastic sticks and, given the tracked position and orientation of the
sticks, the shape of the plastic sheet was approximated by a Hermite surface. Given the
position of an imaginary light source and the viewer’s eyes (both of which can also be
tracked), the surface normal was determined at each point on the sheet and the automotive
reflection model was evaluated. Given the results of this shading calculation, a computer
driven video projector was used to produce the required color at each point on the surface
of the sheet (see Figure 7). The video projector employed a spherical projection lens to
spread the light out across the plastic sheet and to provide a large depth of field. 

Improvements were also made to the traditional shader lamp paradigm where video
projectors are used to make solid three-dimensional objects assume different color
appearances.15 One technical
advance involved painting
the objects with a dark gray
projection screen material to
improve the rendition of
metallic colors. In addition
to the video projector that
was used to change the color
of the object, other video
projectors were employed to
imitate light sources and to
illuminate the area sur-
rounding the objects (see
Figure 8). Environment
mapping techniques were
also employed to incorpo-
rate the reflection of sur-
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Figure 7—Back projection onto flexible sheet
to simulate metallic appearance.

Figure 8—Shader lamp setup used to make cylindrical object
assume metallic color appearance.  Upper projector projects
color while right projector provides general illumination.



rounding objects into the reproduction. To validate the quality of the simulation, compar-
isons were made between real objects painted with automotive lacquer and the simula-
tions created using shader lamps. The automotive paint design program described in the
previous section was connected to the shader lamp simulation to provide an interactive
interface that could be used to change the color of the object.

VIRTUAL SPRAY PAINT PROGRAM

A virtual reality-based spray paint simulation program is also under development.
This software is intended to teach automotive technicians the correct method to use when
applying vehicle paint. A student wears a tracked head-mounted display that generates a
view for each eye of the object to be sprayed, and they hold a tracked pointing device in
their hands that determines the position and orientation of the spray paint gun. The
advantage of this virtual approach includes the fact that the training is administered under
controlled conditions, the performance of the student can be carefully monitored, and
there is no waste of paint or exposure to harmful fumes. The research was based on an
existing spray paint simulation program that taught painters how to spray standard house-
hold paint onto flat sheet metal.

Several improvements have already been made to extend the capability of the exist-
ing spray paint software and make it more appropriate for use in automotive applications.
The most important enhancement has been the introduction of the automotive paint
reflection model described in the Background section of this chapter. The addition of this
model makes it possible to separately apply the base metallic coat and the final clearcoat.
The paint also appears to have metallic and pearlescent properties as the user looks at the
surface from different directions. Another advance has been the development of software
that makes it possible to apply paint to a curved surface instead of being restricted to flat
sheet metal. Improving the reflection model and adding curved surfaces allows the user
to spray complex automotive shapes such as the car hood shown in Figure 9.
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Figure 9—Virtual spray
paint system simulates
application of automo-
tive paint to complex
three-dimensional
shape.
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A number of features must still be added to the virtual spray paint program. The sim-
ulation of paint flaws, such as orange peel and paint runs, will improve the realism of the
software. The addition of these imperfections will also make it possible to create an edu-
cational module that teaches students how to identify these problems and shows them
how they are produced due to poor spray painting technique. Another training capability
to be added involves the correct set up of the spray gun to apply the paint. Proper adjust-
ment of the gun is critical to achieve satisfactory results. Finally, mixing or shading the
paint to achieve a proper match is a critical skill that an automotive spray painter must
master. It would be valuable to extend the simulation program to include such training.

CONCLUSIONS

Even though they were not developed for this purpose, the paint design, shader lamp,
and virtual spray paint applications described in this chapter demonstrate the potential of
using the computer graphics hardware and software to solve automotive paint engineer-
ing problems. The paint design program illustrates how a new paint color with specific
reflectance properties can be created. This capability could be used to fix a paint mis-
match problem between two components of a car (for example, the body and the bumper
cover) by designing a special “touch-up” paint for one of the parts. The shader lamp
application shows how video projectors can be employed to make a simple cylindrical
shape assume a different color. This work could be extended so that a new color scheme
is tested by projecting it onto an actual car before the car is painted. Finally, the virtual
spray paint program was created to improve the quality of the paint jobs done by auto-
motive repair technicians. An application similar to this could be used to test the motions
that will be followed by a robot as it paints a car on the assembly line. 

The examples in this chapter provide only a small indication of how computer graph-
ics will be used in the future to help visualize and solve automotive paint engineering
problems. Important questions still remain regarding our ability to make judgments about
reality from simulations, and critical tests with human subjects must be performed to
resolve this key issue. However, the desire to apply computer graphics to real world sur-
face coatings problems will continue to grow as graphics processing power increases,
displays become brighter, images gain resolution, and hardware costs decrease. The day
will come when paint engineers regularly use desktop workstations to answer color
appearance questions just as mechanical engineers have used computer graphics to solve
geometric design problems for over 30 years.
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INTRODUCTION 

Computer graphics is used in a wide variety of familiar applications, ranging from
abstract representations of statistical and scientific data to synthetic characters in feature
films and games. One important sub-area of computer graphics is the generation of real-
istic images. A key component in generating realistic images is creating digital models of
the appearance attributes of the materials used in the scene being simulated. A variety of
methods for modeling the attributes of pristine homogeneous materials have been devel-
oped in computer graphics over the past 30 years. However, many applications require
simulating materials that have undergone spectral, spatial, and directional changes due to
weathering and usage. 

In applications, realistic images may be either required to be plausible or predictive.
To be plausible, images must appear to an observer to be indistinguishable from a pho-
tograph of a physical scene, although the observer never needs to make a critical deci-
sion based on the image. Many applications such as computer games or synthetic props
in film require only plausibility. To be predictive, images must appear the same to an
observer as an image acquired of a physical scene. Unlike plausible images, predictive
images are used by observers to make decisions, such as selecting a design or training for
a task that requires target visibility. Methods for generating predictive images are based
on physical models derived from work in other disciplines, and are subject to validation
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Computer graphics photorealistic rendering techniques are capable of render-
ing images that predict the appearance of yet to be manufactured objects. A
challenge in computer graphics realism is creating the digital models of shape,
materials, and lighting that are required for such rendering. Models for materi-
als that have been aged by weathering or usage are difficult to produce. A
recent trend in computer graphics is to attempt to capture aged materials in a
form that allows them to be applied to arbitrary new shapes. We present the
techniques used for capture and some sample results. Current techniques can
be applied to various types of visual simulation, and we outline some future
potential applications of rendering aged materials.
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by physical and/or psychophysical experiment. While the requirements for a plausible
image are lower, a difficult question to answer is whether a method can be relied upon to
always produce a plausible result. Heuristics that produce plausible results in some cases
may require a lot of manual tuning to obtain the desired output for a particular application.
As a result, computer graphics researchers often focus on predictive techniques that have
proven reliability. Generalizing predictive techniques to create reliable plausible results is
easier than starting from pure heuristics that are not founded on physical models.

Most existing models for weathered materials in computer graphics are purely heuris-
tic. Over the past 10 years various attempts have been made to generate models from first
principles and from measured data. Existing methods are generally too slow or hard to
control. Modeling aged materials continues to be a challenge in computer graphics
research. Unlike other challenges that can be met with faster processors and increased
memory, modeling materials requires new techniques and algorithms built on theory and
data from other disciplines including chemistry and materials science.

Computer graphics has a history of borrowing from and contributing to other disci-
plines. An example of this interchange is radiative heat transfer and computer graphics
lighting simulations. In the 1980s, techniques such as radiosity1-2 from heat transfer were
adapted to accurately compute visible light transfer in scenes for predictive rendering.3

Subsequent work in computer graphics refined and improved the computational tech-
niques and the results have been included in heat transfer texts.4 Collaboration between
chemists and material scientists and researchers in computer graphics clearly has the
potential to improve graphics systems, and may also result in new methods for designing
and evaluating the appearance of new materials.

We begin with a brief review of the elements of rendering images and capturing input
that have become common in computer graphics. Next we give an overview of current
methods that attempt to model aging materials. We conclude with an outlook for possi-
ble new work in this area, and the potential for new applications that could be enabled by
improved material appearance models.

BACKGROUND—RENDERING AND CAPTURE

Material models are required to render realistic images. Specifically, in computer
graphics the term rendering refers to the process of using numerical descriptions of three-
dimensional scenes and a virtual camera and producing a two-dimensional image. The
description of a three-dimensional scene may be produced entirely by a user interacting
with a computer using mathematically based modeling software. However, over the past
10 years with the increasing availability of digital cameras, the use of captured data along
with completely human specified models has become increasingly common.

Figure 1 illustrates the rendering process. A virtual camera specifies a viewer position
and the viewing frustum. The image plane is perpendicular to the view direction, and is
discretized into an array of pixel locations. The image is specified by defining an emit-
ted (illuminated display) or reflected (for print images) color at each pixel location.
Typically for computer images, values of red, green, and blue are specified, with the
specifics of the element spectra taken into account for consistent appearance cross
devices.5 The view point and pixel locations define a set of rays in the three-dimension-
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al scene. A realistic image is formed by
setting the pixel values according to the
visible light that would arrive at the
view point from the scene. The light
arriving from a particular object visible
along a ray depends on three things:
shape, incident illumination, and prop-
erties of the object material.

The shape of an object can be
defined in a variety of ways including
triangle meshes, tensor splines, and sub-
division surfaces. The specification of
shape, computer aided geometric design,
is a broad area in itself that is described in numerous texts.6-7

Computing the incident illumination is also an extended topic. Light may arrive at a
point directly from a light source such as a lamp or the sun. Light may also arrive after
one or more scattering effects in the environment. Accounting for all scattering events is
referred to as “global illumination” in computer graphics. Methods for computing glob-
al illumination include the radiosity methods mentioned earlier, as well as many varia-
tions of ray tracing. Global illumination methods are described in detail in texts such as
those by Larsen and Shakespeare8 and Dutre9 et al. Despite being a complex problem,
current global illumination methods have been validated relative to ground truth as being
reliable for being predictive, given accurate models of shape and materials.10 Global illu-
mination systems such as the freely available Radiance software11 or commercial prod-
ucts such as Lightworks12 are used in design applications requiring predictive results as
well as for creating appealing and plausible imagery.

Material models in computer graphics have mainly focused on specifying the mate-
rials bidirectional reflectance distribution function (BRDF), or more generally the bidi-
rectional scattering surface reflectance distribution function (BSSRDF).13 The BRDF
gives the reflected radiance as a function of wavelength, incident direction, and exitant
direction. Both phenomenological models14,15 that are constructed to fit measured data
and first principles models that use surface roughness models and material index of
refraction16-17 have been developed and validated. For materials that are not spatially
homogeneous, many systems depend on procedural methods that vary the BRDF param-
eters on a surface.18

BRDF specifications require some sort of measured data—either reflected radiances
or surface roughness and index of refraction. Since microscopic surface roughness is dif-
ficult to measure, attention in graphics has focused on measuring reflected radiance. For
spatial variations, procedural textures can be difficult to tune to achieve the appearance
of specific materials. Interest has grown therefore in using digital cameras to capture spa-
tially varying BRDFs.

A simple digital camera image is not adequate to model a material. As in the synthetic
image, an image from a digital camera includes the effect of shape and incident illumina-
tion as well as material. The basic strategy for capturing materials with a digital camera is
to control the lighting, measure the shape, and then process the image to estimate the mate-
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Figure 1—A 2-D image is defined by specifying a
virtual camera and the lighting, shape, and materi-
als in a 3-D scene.



rial appearance attributes. Since
most methods for this processing in
computer graphics do not include
error estimates in this processing, we
refer to this as “capture,” rather than
as “measurement.” Several tech-
niques have been developed with
digital camera and controlled light-
ing for computer graphics to capture
reflected radiance from simple
known convex shapes.14,19 These
methods account for factors such as
camera response nonlinearities and
the spectrum of the illuminating
source used, as well as novel geo-
metric arrangements of objects and
mirrors to reduce the number of
images required.

For materials of interest on existing objects, more complex techniques are needed.
Figure 2 shows one set-up for capturing the appearance of existing objects. The appara-
tus consists of a laser triangulation scanner (ShapeGrabber SG1002),20 digital camera
(Olympus C8080WZ),21 and small computer controlled light sources (in this case, halo-
gen bulbs in custom housings with custom control). The laser triangulation scanner is one
of many optical devices developed over the past 20 years for measuring shape.22 An emit-
ter and sensor are mounted a known distance apart. Knowing the angle of the emitted
laser spot and the angle from the sensor at which the reflection of the laser from the
object is observed allows calculation of the distance from the object to the scanner.
Scanning the object from a series of views produces a series of range images (images in
which a depth, rather than a color, is recorded at each pixel) which can subsequently be

geometrically registered and merged to
form a three-dimensional model of the
object shape.23

The parameters of the color digital
camera (position, orientation, focal
length, and distortion correction) and
position of the light sources can be cali-
brated in terms of the three-dimensional
scanning system.24-25 With these calibra-
tions the projection of the captured
image on the shape and the direction of
the incident light are known. The image
can be processed with this information to
estimate either just the diffuse albedo26

or, with assumptions about the similarity
of the material viewed through different
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Figure 2—Object shape and appearance are captured by
a hardware set-up including computer controlled range
scanner, color camera, and lights.

Figure 3—Hardware set-up captures images under
five different lighting conditions (top row), which
are processed with captured geometry (lower row
left) and color corrected for the light source color
to produce a map of the diffuse reflectance of the
object surface.



pixels, the BRDF at each surface point.27

Figure 3 shows five images and geometry
captured by the system in Figure 2, and
the texture map of diffuse reflectance
obtained after processing for directional
lighting and accounting for the non-white
spectrum of the incident light. 

Analogous to the problem of aligning
and merging all of the geometric range
images, the individual processed textures
need to be registered and combined.23 The
processed texture values are stored in
images that are associated with the 3-D
geometry via texture mapping. That is,
each 3-D vertex on the object is mapped to
a 2-D location in the texture image. To facilitate this mapping, the 3-D object is partitioned
into approximately flat regions, and the textures for each region are stored in one com-
bined large image. The result of this partitioning is illustrated for a captured complex nat-
ural object, a seashell, as shown in Figure 4.

CURRENT CAPTURE TECHNIQUES FOR AGING MATERIALS

Various methods have been developed for limited simulation of material aging. A
complete summary is given by Lu et al.28 Methods include modeling the mechanics of
adhesion and cohesion of paint and substrates to simulate cracking and peeling,29 and
flow over objects resulting in the deposition of dirt and corrosive agents.30 Most simula-
tions methods are computationally slow, and can result in noticeable visual artifacts.
Simulations have only been validated by general comparisons of synthetic results with
photographs of the same phenomena that show similarities such as crack density.
Because simulation has not proved efficient, most weathering effects in applications such
as film and games are currently produced by hand painting of textures, or by artistically
altering and manually applying photographs as texture maps. To reduce the labor
involved in these applications and to enable predictive applications, researchers have
turned to capturing physical aging effects.

The problem of capturing aging effects differs from the capture of full objects. Rather
than capturing an image of reflectances that maps to a particular object, such as the map-
ping in Figure 4, a set of spatially varying reflectances is sought that can be mapped to a
new object that is significantly different in shape from the original capture object. 

Capturing the appearance of aging materials requires accounting for spectral, direc-
tional, and positional changes over time. Obtaining data for such a high dimensional
problem in a transferable form is difficult. Four recent methods for capturing the effects
each work by simplifying one or more dimensions. All of the methods can be applied to
produce plausible results in some cases, but all are restricted to the extent they can pro-
duce predictive images. 
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Figure 4—A 3-D object is partitioned into nearly
flat regions to map texture images to the surface.



Assumptions or restrictions in the different methods include:

(1) The effect of object shape on temporal appearance variations can be ignored.

(2) The end effect only, rather than temporal evolution of appearance, is of interest.

(3) Processes that can be reproduced in a reasonable length of time (weeks or less)
are considered.

(4) Directional variations can be inferred from spectral variations on the material
surface.

(5) The sequence of temporal effects acting on a sample can be inferred.

Assumptions (1) and (3) apply to the results by Gu et al.31 who performed a series of
laboratory experiments to capture the temporal variation of appearance on flat 1” x 1”
samples of materials. Appearance was captured using an array of cameras and lights sup-
ported by a dome structure to capture the full BRDF across the sample. A library of data
for 26 materials was captured, and has been made available online.32 To apply the results,
assumptions need to be made such as the effect of the object geometry and edge effects
around the area where the object was exposed to the agent producing the weathering. An
advantage of the data collected is that subtle variations such as changes in glossiness are
captured using the full dome system. The output of this method is a temporal texture.
That is, for each pixel in the texture rather than just having a BRDF, there is a time series
of BRDF values. Gu et al.31 also introduced effective mechanisms for storing this data in
compact form.

Assumptions (1), (4), and (5) apply to the technique introduced by Wang et al.33 Wang
et al. begin with the assumption that a sample of material is found which has different
areas that have been exposed to weathering effects for different periods of time. An
example is a rusted plate with some original metal finish still exposed, some areas with
flecks of rust, and some thoroughly rusted areas. The sample is scanned to determine the
BRDF at equally spaced spatial positions (in general, pixel locations on an image of the
sample). The BRDF samples are characterized by a seven parameter model. Three
parameters each give the diffuse and specular reflectance in the red, green, and blue chan-
nels, and the seventh parameter gives the width of the specular lobe. A high dimension-
al manifold is formed by connecting each of the samples to each of its nearest eight
neighbors. A human observer is asked to identify the most and least weathered areas of
the sample. The samples identified are labeled as the end points of the weathering process
on the manifold. All other points are assigned a degree of weathering based on their dis-
tance along the manifold between the greatest and least weathered samples. On the orig-
inal spatial sample then, each sample can be assigned a degree of weathering. To capture
the effect of spatial texture, the degree of weathering associated with each position is
equal to the average degree of weathering of samples in a small surrounding region.
Degree of weathering is roughly interpreted as the length of time an area has been
exposed to a weathering process. The output is a space in which a texture can be extract-
ed for any time in the assumed time history of the aging of a particular material.

Assumptions (2) and (4) apply to the approach by Mertens.34 In this work, only the end
appearance, or the “look and feel,” of an aged object is of interest. This has the advantage
that the effect of the object shape at all length scales is accounted for, but the specifics of
what caused the weathering and over what time period are not known. Mertens et al.34 start
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with an object that has been captured with texture. Machine learning techniques (specifi-
cally canonical correlation analysis) are used to correlate texture variations with geomet-
ric measures such as curvature, surface orientation, and relative height of the position on
the object. The result is a texture correlated with geometric quantities.

Finally, assumptions (3) and (4) apply to the method and data developed by Lu et al.28

This work is similar to Gu et al.,31 in that aging effects are produced in the laboratory.
Unlike Gu et al.,31 though, the effects of shape on the effects are captured, and direction-
al effects are not. Lu et al. produced accelerated effects such as rusting of an ironing sur-
facing compound with exposure to vinegar fumes, molding of cheese, and cracking of a
thick paste coating of plaster and paint. The shape of the objects with related texture was
captured using the set-up shown in Figure 2. By being able to geometrically register the
shapes captured at different times, it was possible to move the objects during the exper-
iment, rather than keeping them still relative to the capture device. This extended the
range of effects that were practical to capture to phenomena that required weeks to
develop. Experiments were repeated on objects to study the reproducibility of the
effects. Similar to Mertens et al.,34 the texture variations were correlated to geometric
parameters, although in Lu et al. geometric harmonic analysis was used to organize the
data, and temporal texture series (similar to the series captured by Gu et al.31 for flat
objects) rather than static textures were used in the correlations. The same aging process
was physically applied to different shapes, so that the predictive capabilities of the
model derived from an experiment could be assessed by comparison of synthesized and
physical results. The output of this work is temporal textures for particular aging effects,
correlated with object geometry.

For all of these methods, the models are used on new synthetic objects by texture
transfer methods inspired by the Markov random field methods introduced by Efros and
Leung.35 These transfer methods were extended to texture synthesis on non-flat surfaces
in work such as Wei and Levoy.36 In these methods a texture is transferred from an orig-
inal sample while enforcing consis-
tency and constraints. The process
begins by selecting a location on the
source object. For textures such as
those modeled by Mertens et al.34 or
Lu et al.28 a location in the original
texture with the same value of the
relevant geometric parameter (or
parameters) is found, respecting the
constraint on the texture. Either a
pixel, or small patch of pixels, is
copied from the source texture to the
new target. The method proceeds to a
new untextured location on the tar-
get. Once again, a location on the
source is found with the same rele-
vant geometric parameter value.
However, on this and all subsequent
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Figure 5—An example using data from Lu et al. of
using a captured map of aging material to render a syn-
thetic object.



transfers, consistency is enforced. That is, not only must the pixel or patch copied come
from an area with the same geometric parameter, it must also be bounded by pixels with
similar values to the pixels already transferred to the target object bounding the target
location. An example of data captured by Lu et al.28 applied to a synthetic object via tex-
ture transfer is shown in Figure 5.

FUTURE OUTLOOK

Captured textures of aging materials have been shown to be capable of producing rich
visual effects on synthetic objects that add to the realism of synthetic images. Current
methods are clearly very limited in the types of effects they can produce. Only very pre-
liminary validation experiments have been conducted for assessing how reliable the
methods are in predicting visual impression. More data sets, and suitable models for
extending the application of the data, are needed for captured effects to be used in main-
stream graphics applications.

In the literature from different fields there are many reports of long-term aging effects
on materials. Examples include a two-year field test of painted frames,37 and the 50-year
stone wall test at NIST.38 Since these tests, however, were not conducted for the sort of
detailed simulation now possible, data reported for such work includes graphs of summa-
ry parameters rather than detailed colored imagery and/or geometric measurements. As
future accelerated aging techniques are developed, it may require only simple modifica-
tions to acquire image data under documented conditions that could subsequently be used
in visual simulations. Image data is required to track the spatial variations such as crack-
ing that occur during aging. Shape and illumination data are needed to disambiguate
changes in images resulting from shading, and changes resulting from changes in the
material. A shape description may simply be that the sample is flat or spherical. For other
shapes a CAD file for manufactured samples could be provided, or the sample could be
scanned with a device such as the ShapeGrabber. Illumination data can be provided by
including a standard object, such as a white diffuse sphere, into the image captured of the
sample.

Any release of data or modification of procedures involves costs. Why should data be
released to benefit another industry such as training, film, or computer gaming? One pos-
sibility is that such data could be packaged as a product for sale. Examples of such data
are stock photographs sold as texture libraries for graphics applications, or product-spe-
cific content provided (for paints or furniture) through software rendering systems. 

A more speculative benefit of capturing and releasing data is that the availability of
synthetic material aging models could in the long term be used as a tool by material
designers and manufacturers. One scenario would be the availability of differing prod-
ucts or procedures for preventing or retarding weathering effects. Realistic imaging could
be applied to demonstrate the effect of choosing a set of products in a particular geo-
graphic and architectural setting. Results for several different treatments could be com-
pared. The uncertainty in results could be illustrated by rendering results for several dif-
ferent cases of anticipated weathering conditions.

Another scenario is the design of materials that are meant to change in appearance to
uniquely adapt to an environment. Faux finishes and rapid forming patinas are popular
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for applying to small decorative objects to give them a unique look. Materials to produce
similar effects could be designed for larger structures. While the local effects of age and
geometry could be predicted by experiment and modeling, computer graphics image gen-
eration could be used to predict the large scale visual effect on different geometries in dif-
ferent environments.
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INTRODUCTION

A modern automotive paint system performs two main functions: corrosion protection
and appearance enhancement. Corrosion protection is mainly provided by the underlying
layers in the paint system: the phosphate, electrocoat, and primer layers. The colorful,
high gloss appearance that consumers have come to expect from their vehicles is provid-
ed by the basecoat and clearcoat, the top two layers in the paint system. Because of their
proximity to the surface, these two layers are exposed repeatedly to environmental pres-
sures such as heat, water, sunlight, and atmospheric pollutants. Each of these can cause
the paint to chemically degrade. If severe enough, this chemical degradation can lead to
physical failure by either gloss loss, environmental etching, cracking, or delamination. 

Much research has been published in the last 10 years that examines the mechanisms
of photooxidation in automotive coatings and the means to measure such degradation.
Sensitive analytical techniques including infrared spectroscopy, electron spin resonance
spectroscopy, ultraviolet spectroscopy, and mechanical testing have shown that those
coating systems whose chemical composition and mechanical behavior change slowly
tend to perform acceptably during exposure in Florida, while coatings whose chemical
composition changes rapidly and/or whose mechanical properties deteriorate quickly
tend to perform poorly during Florida exposure.1-6
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The role of water in the long-term weathering performance of complete auto-
motive paint systems was investigated by various means. Experiments using
accelerated outdoor exposure (Fresnel-type exposure) were able to reproduce
the chemical degradation gradient only when paint systems were completely
saturated with water once per day. Saturation with water was shown to require
approximately one hour of contact with liquid water or 100% humidity at mod-
erate temperatures. Appearance and degradation gradient differences between
panels exposed in Arizona and Florida were ascribed to the washing away of
photooxidation products by rainwater in Florida. The implications of these
results on designing improved accelerated tests were demonstrated.
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While photooxidation appears to dominate the chemical degradation process out-
doors, the role of water cannot be overlooked. Because many of the chemical changes in
a coating induced by photooxidation and hydrolysis are similar, it can be difficult to sep-
arate the two processes. However, extensive IR spectroscopy by workers at NIST has elu-
cidated the details of the mechanisms by which some coatings undergo hydrolysis.7,8

They have shown that under warm and wet conditions the rate of hydrolysis can be com-
parable to the rate of photooxidation. However, under more mild conditions typical of
outdoor exposure, the rate of hydrolysis still appears to be relatively low, such that at the
surface of the coating photooxidation dominates, while deeper in the coating, where light
cannot penetrate, hydrolysis dominates.1

In addition to chemically degrading a coating, water physically interacts with the coat-
ing in a variety of ways. This has been explored by Perera and coworkers who showed
that wet/dry cycles induce stresses in coatings that have the potential to physically
degrade the coating.9 These stresses have recently been modeled and shown to be on the
order of a few MPa for clearcoats in automotive paint systems.10 In addition to stressing
the coating, liquid water provides a mechanism for material removal such that low
molecular weight species can be removed from the coating, either by solubalizing the
species or physically washing them away. For example, water has been shown to remove
residual acid catalyst in acrylic/melamine coatings, leading to a reduction in the hydrol-
ysis rate after the acid is removed.11 The washing away of material also appears to be the
main mechanism by which film is lost during exposure, which is typically manifest as a
reduction in the gloss of a coating. 

In summary, the evidence to date suggests that water plays a key, but secondary, role
in the chemical degradation of coatings and, perhaps, the dominant role in some of the
surface appearance changes that take place during outdoor exposure. However, the
specifics of much of this role are not well understood or quantified. When trying to accel-
erate the degradation process, the interactions between light intensity, water, and temper-
ature become much more complex, and thus, the need to understand the details becomes
more pressing. In this paper, we investigate the role water plays in accelerated outdoor
Fresnel-type exposure as well as the differences between natural exposure in Florida and
Arizona where the atmospheric moisture content and time of wetness are significantly
different. In addition, we examine the rate of water uptake in complete automotive paint
systems in order to better understand how the duration and magnitude of wet/dry cycles
must scale with light intensity in any accelerated weathering protocol. 

EXPERIMENTAL

Materials

The water uptake experiments were performed on a paint system consisting of an alu-
minum substrate, cathodic electrocoat (25 µm), polyester primer (20 µm), and acrylic/
melamine based basecoat (15 µm) and clearcoat (40 µm). The basecoat was either black
or white in color, and samples were made from both solventborne and waterborne
basecoats. The same coating system was used for both the accelerated Fresnel-type expo-
sure and the natural Florida and Arizona exposures. Specimens for water uptake experi-
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ments were made by cutting 2.54 cm × 2.54 cm pieces from the larger panels. Due to pro-
cessing, the backs of the panels were e-coated and contained some overspray. These paint
layers were removed by sanding the backs of the panels to bare aluminum. Sanding to
bare aluminum not only removed the overspray, but also removed the oxide layer protect-
ing the aluminum so the panels were allowed to sit in a humidity box until the oxide layer
redeveloped. Samples exposed in the natural Florida and Arizona exposures were held at
5° from the horizontal facing south.

Microtomy

Paint systems were sectioned using a slab microtome (Leica) parallel to the surface of
the samples. In doing so, 5 μm thick slices were removed from the top to the bottom of
the paint system. Each slice was then subjected to various analyses, including infrared
spectroscopy. Details of this technique are given elsewhere.12

Infrared Spectroscopy

Infrared spectroscopy was performed on slices from the microtomy experiments to
assess the amount of degradation in the paint system at various depths into the system.
Fourier transform infrared (FTIR) spectra were obtained using a Mattson FTIR 5000 at
4 cm–1 resolution. Each 5 μm thick slice was placed between salt plates and the spectra
was taken in transmission mode. The amount of photooxidation was generically quanti-
fied using the Δ[(–OH,–NH)/–CH] method, which ratios the absorbance in the
3800–2000 cm–1 region to that in the 3100–2800 cm–1 region.1

For the complete paint systems, photoacoustic (PAS) infrared spectroscopy was used
to quantify the chemical changes taking place during weathering. All PAS data were
obtained on a Mattson Cygnus 100 rapid scan FTIR system equipped with a water cooled
source, a variable source aperture at 50%, and an MTEC 2000 cell. All spectra were
transformed using 4000 data points and one order of zero filling to give spectral resolu-
tion 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 1 × 10–3 cm2/sec yielded a thermal diffusion
length at 4000 cm–1 of 6 μm and at 2000 cm–1 of 8 μm. This procedure led to a sampling
depth of between 12 and 16 μm into the coating. The amount of photooxidation was
again quantified using the Δ[(–OH,–NH)/–CH] method.

Water Absorption/Desorption Measurements 

Water absorption/desorption measurements were conducted with a Mettler AT20 bal-
ance. The balance had a maximum capacity of 22 g and an accuracy of ±0.002 mg.
Measurements were taken every 30 seconds after the specimen was placed on the bal-
ance. Data was taken via a computer connection to the balance. The inherent stability of
the balance was measured prior to collecting data. Data was logged from the empty bal-
ance every minute for 24 h then plotted. No noticeable drift associated from temperature
or humidity was noted if the balance was allowed to equilibrate in its environment for
several hours before the experiment was started. To prevent noise while testing outdoors,
the balance was put on a table that had a hinged cover that would isolate the balance.
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Pieces of 3 mm thick rubber were placed under each leg of the balance to help absorb
vibrations. The balance specifications state that the admissible ambient conditions are
40°C and a relative humidity of 85%. Tests at 95% relative humidity showed no adverse
effects in relation to drift or stability of the measurements. 

A humidity box was built out of aluminum to enclose the balance for controlled water
absorption experiments. All joints were sealed and a hinged door was installed on the
front of the cabinet. The box was heat taped on all sides and insulated with thick
Styrofoam insulation. The balance was placed inside the box along with a hot plate and
two muffin fans. The hot plate was used to regulate the temperature in the box, and the
muffin fans were used to ensure the air was properly circulated. Humidity was generat-
ed by several deep dishes of water that had sponges semi-submerged. Humidity was
checked with a chilled mirror detector (Omega Instruments). The percentage of humidi-
ty and the temperature were held at a constant value over the course of 24 hours.

Before specimens were tested for water absorption, they were first dried in a vacuum
oven. The samples were removed and promptly placed in a glass jar containing DriRite.
The jar was placed in the humidity box for several hours to allow the sample temperature
to equilibrate to the box temperature. Once samples reached testing conditions the
humidity box door was opened and the balance was zeroed. The sample was then
removed from the jar and placed on the balance. The balance doors were then closed along
with the humidity box door. Next, the exterior insulation was affixed to the door and the
data logging was started no more than 20 s after placing the sample in the humidity box.
The sample mass was then logged for a minimum of 1 h at 20 s intervals. 

Accelerated Outdoor Exposure

Outdoor accelerated weathering testing was conducted using a Fresnel-type system in
Arizona. Details of the machine design and operation are outlined in ASTM G 90-05.13

A schematic of the specimen position in the machine is shown in Figure 1. ASTM G 90-
05 outlines three typical water spray cycles. Cycle 1 prescribes an 8-min water spray
every hour during the day, and three 8-min water sprays at night. Cycle 2 prescribes no

Figure 1—Fresnel-type
accelerated weathering
machine. Close-up
shows target board and
sample configuration
for water absorption
testing.
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water spray during the day, and no water spray during the night. Cycle 3 prescribes no
water spray during the day, and four 3-min sprays every hour during the night. For the
experiments detailed here, the machine was run in the daytime spray mode where air
blew over the specimens during testing and water was sprayed intermittently on the irra-
diated specimens. Additionally, specimens were tested in an “inverted” mode where the
specimen rack is rotated downward out of the concentrated irradiance and water was
sprayed on the specimens while air was blown over the specimens.

Samples in Fresnel-type exposures are usually mounted to the target board with
screws. For our experiments the mounting procedure was modified. A piece of wire mesh
was cut into a strip about 100 cm × 20 cm. The mesh was bent into the shape of a squared
off “U”. The ends of the mesh were then fastened to the target board with screws so that
the panels sat about 25 mm above the target board. 

Specimens were first dried in the field by simply placing them on the bench in the sun-
light for 10 min. The machine was then inverted and the specimens mounted to the mesh
by placing two office style binder clips on the edges of the paint panel, being careful to
only cover about an 3 mm of the panel. The machine was then rotated right-side-up and
adjusted until the sun was focused on the samples. After this, the machine was then run
in its standard operating condition with samples receiving concentrated sunlight and
blown cooling air. After water exposure the drive was then disengaged and the machine
inverted. Samples were then removed and patted dry and weighed on the balance. 

For inverted exposures, samples were allowed to dry in the sun for 10 min. The
machine was then inverted facing down (so samples were parallel to the ground and paint
layers faced up) and locked in place. The samples were then attached with clips to the
mesh and the water spray was turned on. The machine blower was active during all spray-
ing cycles.

For soaking experiments, water was obtained directly from the spray nozzles of the
machine to ensure that the water and temperature were the same in all experiments. The
samples were dried using the procedure above and then placed in a container with water
obtained directly from the machine. Samples were removed, patted dry, and weighed at
one minute intervals until equilibrium mass was attained.

Separate experiments were conducted to measure the effect of various exposure vari-
ables using the accelerated Fresnel-type machines on acrylic melamine automotive coat-
ing systems. The factors evaluated in the DOE (design of experiment) included: exposure
temperature, number of mirrors (intensity), water spray frequency, nighttime water soak-
ing, chemical pretreatment prior to exposure, high intensity UV exposure before acceler-
ated exposure, mechanical abrasion prior to exposure, soak-freeze-thaw prior to expo-
sure, and thermal aging prior to exposure. The response variable in all cases was the
change in the (–OH,–NH)/–CH value as determined by PAS-IR. Further details of the
experimental design and factors can be found elsewhere.14

Fracture Energy

The fracture energy, a quantitative measurement of a material’s brittleness and a key
indicator of a materials propensity to crack, was measured for each of the three clearcoats
in the complete paint systems using techniques that have been described in detail else-
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where.15 Briefly, 8 mm wide strips were cut from the paint panel with a hand shear. These
strips of the paint panel were then pulled in tension at 20 mm/min in a mechanical test-
ing machine (Instron model 5565). The strain at which the clearcoat cracked was then
recorded. Multiple samples were tested for each panel at each weathering time. The frac-
ture energy, Gc, was then calculated using

(1)

where ε is the strain at cracking, h is the clearcoat thickness, is the biaxial modulus of
the clearcoat, and g(α, β) is a constant related to the mismatch in moduli between the
coating and substrate. The modulus of the coating was previously determined from ten-
sile testing on free films of similar clearcoats.

RESULTS

Accelerated Fresnel-Type Exposure DOE

The main effects plot from the accelerated outdoor weathering DOE array is shown in
Figure 2. For each run in the DOE the output variable monitored was the change in the
(–OH, –NH)/–CH ratio.1 As can be seen, the variable that had the biggest impact on the
photooxidation rate was the nighttime soak, where the panels were removed from the
Fresnel device and placed in a soak tank with 40°C water overnight. In this DOE, the night-
time soaked specimens exhibited significantly higher photooxidation rates than specimens

that were not soaked overnight.
Similar effects have also been
reported for gloss reading taken
on the same panels.14

Water Uptake

The extent of water uptake in
paint systems exposed during
accelerated Fresnel-type expo-
sure is shown in Figure 3. The
data is presented as mg of water
uptake. The same test speci-
mens were used for each exper-
iment; thus, mg of water uptake
was a direct measure of the
amount of water absorbed and
can be used to compare the
results of different test condi-
tions. Results are presented for
both waterborne and solvent-
borne basecoat/clearcoat sys-
tems. For all paint systems test-

Figure 2—Main effects plot for Fresnel-type testing with var-
ious environmental factors. Response variable is the change
in the (–OH, –NH)/–CH value as determined by PAS-FTIR.
Data points on graph from left to right indicate the following
factors: daytime and nighttime spray, temperature and irra-
diance, irradiance and nighttime soak, temperature and
nighttime soak, thermal pretreatment, temperature and day-
time spray, chemical pretreatment, irradiance and daytime
spray, mechanical pretreatment, high UV pretreatment, tem-
perature-irradiance-daytime spray, irradiance, temperature,
daytime spray, and nighttime soak. Note that the only signifi-
cant effect is that of soaking panels over night in water.
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ed, the mass uptake during
spraying on the Fresnel-
type machine with the day-
time spray configuration
(water spray with concen-
trated irradiance and blown
cooling air) was minimal
compared to the mass
uptake after soaking for the
same time period. Even
spraying the panels in the
“inverted” configuration
led to only 50% of the
water absorption that
occurred during soaking.

The time required to
fully saturate a waterborne
basecoat paint system in
100% humidity at 30°C is shown in Figure 4. The horizontal line represents the mass
uptake of the same specimen immersed in liquid water at 30°C for 12 h, well past the time
to reach equilibrium. Similar results were obtained for solventborne paint systems. The
rate of uptake in liquid water is similar to that obtained in 100% humidity, but reliable data
was difficult to obtain due to the rapid release of water from the surface of the coatings
once the specimens were removed from the water for weighing.

The mass of a paint system in a natural Florida outdoor exposure as function of time is
shown in Figure 5. The high mass periods were the times when the panel was wet and the
lowest mass regions were when the panel was dry. For each 24-h period, the panels were
covered with standing water for at least 7 h. This occurred during the evening when mois-
ture from the humid Florida atmosphere condensed on the panels. The water was driven
off quickly as soon as the
sun rose and the panel tem-
perature rose above the air
temperature. The initial
rise in mass is due to the
sample being taken from a
dessicator and placed into
the humid Florida environ-
ment. The dashed lines
indicate when no data was
taken. While the absolute
mass gain is small due to
the coupon size, the per-
centage uptake is on the
order of 1.5% by mass.

Figure 3—Water uptake during Fresnel-type testing for waterborne
and solventborne paint systems. All uptakes are in mg. Testing
occurred after either 8 or 30 min after either: spraying, inverted
spraying (Fresnel-type machine upside down during spraying), or
during soak.

Figure 4—Water uptake in mg for paint systems exposed to 100%
humidity at 30°C.
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The extent of photooxidation in
paint systems exposed naturally in
both Florida and Arizona was inves-
tigated to determine the influence of
water during the natural weathering
process. Figure 6 shows the pho-
tooxidation depth profile of the sol-
ventborne basecoat/clearcoat paint
system weathered in Florida and
Arizona. The graph shows the
amount of photooxidation through-
out the depth of the system as
obtained by microtomy and trans-
mission FTIR. The Florida exposed
system showed a gradient in the
amount of photooxidation through
the clearcoat, with the surface being

more photooxidized than the bulk. The amount of photooxidation at the surface of the
system exposed in Arizona was significantly greater than that of the Florida exposed sys-
tem, but leveled off to approximately the same amount as in the Florida exposed speci-
men approximately 6 μm below the surface of the clearcoat. The data points on the graph
representing the top of the coating were not measured by transmission FTIR on micro-
tomed slices, but by scraping off the top one to two microns with a razor, collecting the
scrapings, and mixing with KBr powder to produce a pellet for transmission IR analysis.
The fracture energies of the clearcoats in the systems exposed in Florida and Arizona are
shown in Figure 7. In each case the fracture energy is shown after exposure for four years,
and in the case of the Arizona exposed system, after four years plus a light surface polish,
which was estimated to have removed less than  5 μm of the clearcoat surface. The frac-

ture energy of the Florida system
is higher (less brittle) than that of
the Arizona exposed system. After
polishing the Arizona exposed
system to remove the top 5 μm of
clearcoat, the fracture energy of
that system was similar to that of
the Florida exposed system.

The influence of water also
can be seen in Figure 8, where
the degradation versus depth pro-
file for four paint systems is
shown for: an unexposed paint
system, a system exposed in
Florida, a system exposed in a
Fresnel-type exposure with day-
time spraying (ASTM G 90 cycle

Figure 6—(–OH,–NH)/–CH values as a function of depth
into the coating system for paint systems exposed in both
Florida and Arizona for four years. Note higher surface
degradation in Arizona exposed system.

Figure 5—Mass of paint system exposed in Florida for
several days. High mass periods indicate liquid water
on the surface of the samples. Dashed lines indicate
estimated data. Data points indicate actual time and
mass data collected. Hours are real military time of day
in south Florida.



303

1), and a system exposed in an ASTM G 90 exposure where the specimens were
removed each night and soaked overnight in a soak tank with 40°C water. The gradients
in degradation are different in most cases, but the Florida and nighttime soak samples
are very similar except in the basecoat region, which can be ascribed to differences in
basecoat formulation.

DISCUSSION

Previous work has shown that water plays a secondary role in the chemical degrada-
tion of automotive coatings when exposed to natural weathering.6 Results presented here
and by other workers have shown that the physical effects of water are significant and
cannot be ignored when examining potential physical failures, such as gloss loss, crack-
ing, and delamination, during outdoor exposure. Of particular importance is how to prop-
erly introduce water into accelerated testing, either accelerated outdoor testing or cham-
ber testing, such that the correct physical failure mechanisms are reproduced. These fail-
ures must not only look the same to the minimally trained technician in the field, but
occur at a predictable and scalable time during the accelerated test. 

Accelerated Outdoor Exposure

Figures 4 and 5 clearly show that to fully saturate a paint system with water the paint
system must be exposed to liquid water or high humidity for a minimum amount of time,
~ 1 h. Shorter water exposure times will not saturate the material. This saturation appears
to be important for two reasons. 

First, the results from the extensive Fresnel-type DOE testing (Figure 2) show that
nighttime soaking has a significant effect on the photooxidation of the clearcoat during
accelerated outdoor weathering. Other variables (temperature, chemical pretreatment,
intensity, etc.) show no or little effect in this designed experiment. During the 40°C night-
time soak the panels had sufficient time to become saturated with water. Saturation and
later desorption are hypothesized to aid in the transport of other small molecules within
the coating system which may affect the degradation rate. Indeed the effect of nighttime
soaking was positive, meaning that the photooxidation of the top 10 microns of the
clearcoat was accelerated compared to non-soaked panels. Transport of photolabile mol-
ecules from deeper in the coating system to the surface may enhance the photooxidation
of the surface. In addition, swelling of the coating by the water will lower the Tg of the
coating, again allowing for easier mass transport within the coating system. Whatever the
mechanism, it is clear that nighttime soaking enhances the rate of photooxidation in
Fresnel-type testing.

Second, paint systems soaked overnight during Fresnel-type exposure show a gradi-
ent in degradation similar to that seen in Florida exposed panels. The chemical composi-
tion changes as a function of depth into the coating system are shown in Figure 8 for a
paint exposed to accelerated outdoor exposure (ASTM G 90 cycle 1 with daytime spray
and ASTM G90 cycle 2 with nighttime soaking), an unexposed panel, and the same paint
system exposed naturally in south Florida. Because all three panels were exposed to sim-
ilar outdoor solar radiant UV doses the level of degradation should have been similar. The
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changes in the (–OH,–NH)/–CH value demonstrate that the system exposed with the
nighttime soak exposure exhibits increased degradation at both the surface of the
clearcoat and into the depth of the clearcoat as compared to the system exposed to ASTM
G 90 cycle 1 daytime spraying. This gradient matches the gradient in the Florida exposed
system (differences in the –OH,–NH value in the basecoat are due to initial basecoat
color/chemistry difference in the Florida and G 90 exposed panels and should be
ignored). We conclude that daytime spraying in ASTM G 90 does not introduce sufficient
water (less than half that of soaking) into the paint system such that surface and in-depth
degradation is not as pronounced as that in Florida exposed paint systems, and we attrib-
ute this enhanced degradation to both hydrolysis of the coating binder and possibly
enhanced photooxidation due to increased mobility and a lowering of the Tg due to plas-
ticization by the 40°C water during overnight soaking. 

Florida vs. Arizona Natural Exposure

For natural outdoor exposure, the presence of liquid water alters the physical appear-
ance of panels. The panels whose photooxidation and fracture energy behavior are shown
in Figures 7 and 8 were exposed naturally in either Florida or Arizona for four years. The
20° gloss of the panel exposed for four years in Florida was 45, while the gloss of the
panel exposed in Arizona for four years was 75. The relative UV dose was approximate-
ly the same in both locations (slightly higher in Arizona) yet the appearance of the pan-
els is dramatically different. The most obvious difference between these exposures was
the amount of liquid water to which these panels were exposed. Panels exposed in south
Florida become wet at least once a day due to the formation of dew and annual rainfall
amounts in excess of one meter. Annual total time of wetness in south Florida for panels
exposed at 5° south often exceeds 4200 h. Panels exposed in Arizona rarely had any dew
formation and the total annual rainfall is typically less than 25 cm while many months
had only trace amounts of precipitation. Annual total time of wetness for panels in
Arizona rarely exceeds 370 h. The relative UV radiant exposure was less than 15% dif-
ferent between the two locations.

Like differences in appear-
ance, differences were also
apparent in the physical
properties of the coating sys-
tems. The Florida exposed
system was much tougher
(less brittle) than the Arizona
exposed system. After pol-
ishing away the highly
degraded surface of the
Arizona exposed system, the
fracture energy recovered
near to the level of the
Florida exposed system.
Thus, the uppermost degrad-

Figure 7—Fracture energy of coating system exposed in Florida
and Arizona for four years. Bar on right is the same Arizona
exposed system after having its top ~2 μm removed by polishing.
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ed layer of the Arizona exposed panel dominated the fracture behavior of the system.
Once this degraded layer was removed the mechanical performance was similar to that
of Florida as was the level of surface degradation. 

The Arizona/Florida panels demonstrated that chemical and physical performance did
not necessarily follow each other. In this case, the Florida exposed panels clearly had
inferior appearance yet were less susceptible to cracking due to their higher fracture
energy. The Arizona exposed panels maintained a high level of gloss but were at a high-
er risk for cracking failure due to their high levels of chemical degradation and embrit-
tlement at the surface. This dichotomy is explained by the washing away and removal
of the highly degraded surface in the Florida exposed panels due to the presence of liq-
uid water. During Arizona exposure, the surface of the coating degraded but no mecha-
nism existed to wash away the highly degraded/embrittled surface. 

Implications for Improved Accelerated Testing Cycles

In designing the correct cycles for an accelerated weathering test multiple factors must
be considered. To improve upon the current state of the art two elements must be altered
to improve accuracy and maintain or increase acceleration: (1) the duration/nature of the
wet cycle that is required to saturate a panel and (2) the manner in which the wet/dry
cycles scale with the UV dose. Clearly the data presented in Figures 4 and 5 show that
samples must be kept wet for considerably longer than prescribed by ASTM G 90 or SAE
J1960 to mimic Florida conditions and become saturated. How much longer is required
is currently unknown and will play a role in determining the amount of acceleration that
can be achieved as well as the scaling factors. 

The two most common accelerated weathering tests for automotive coatings are SAE
J1960 Jun89 and ASTM G 90. Neither currently meet the minimum water saturation time
criterion demonstrated by the experiments discussed in this manuscript. SAE J1960 calls
for 20 min of spray on the panel’s front side during irradiation, and a one hour spray on
the back side of the panels
during the dark period. The
back spray provides little
wetting to the front of the
panel and while the humidi-
ty in the chamber is raised, it
is not sufficient to saturate
the panels. ASTM G 90 uses
eight minute sprays every
hour during the day.
However, the air circulation
around the machines, the
heat of the samples, and the
low humidity of the atmos-
phere prevent the samples
from taking up much more
than 20% of saturation

Figure 8—(–OH,–NH)/–CH values as a function of depth into the
coating system for paint systems: unexposed, exposed in Florida,
Fresnel-type with daytime spray, and Fresnel-type with nighttime
soaking. All exposed systems are approximately equal dose ~four
year Florida equivalent.
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(Figure 3). By adding the water soak to the ASTM G 90 test, the gloss behavior may more
closely match Florida exposure and the through depth degradation may more closely
match Florida exposure as well. However, this may be an impractical solution due to the
labor involved in unmounting and remounting the samples every day. Redesign of the
machines and wetting cycles may allow for significant wetting without removing the sam-
ples from the Fresnel-type device. 

ASTM G 90 cycle 1 mandates an eight-minute water spray every hour during the day
and three eight-minute water sprays at night. As shown previously, the daytime spray of
cycle 1 does not sufficiently wet the specimens. ASTM G 90 cycle 3 mandates four three-
minute sprays every hour during the night. Even if the cycle 3 spray did sufficiently sat-
urate the specimens, cycle 3 would not result in the same proportion (scaling) of UV radi-
ant exposure to wetting events observed in natural south Florida exposures.

For example, a specimen on summertime exposure in south Florida may receive about
1 MJ/m2 total ultraviolet radiation from 295 to 385 nm in a day followed by a time of
wetness each night. Consider the natural south Florida exposure variable ratio of 1 MJ/m2

total UV to one saturating wet cycle in a 24-h period. The current ASTM G 90 wetting
cycle 3 will not allow this proportion to be simulated on the Fresnel-type exposure. It is
observed on the Fresnel-type exposures that a sample may receive about 5 MJ/m2 total
ultraviolet radiant exposure in a day and using cycle 3 must wait until night for water
spray. The 5 MJ/m2 total UV to one wet cycle at night ratio in ASTM G 90 is very dif-
ferent than the 1 MJ/m2 total UV to one wet cycle at night ratio observed in natural south
Florida exposure. 

SAE J1960 Jun89 calls for the use of a Xenon arc weathering chamber outfitted with
quartz inner and borosilicate glass outer filters. To more closely approximate sunlight,
some users modify this test method and use borosilicate inner and outer filters. The use
of the boro/boro filters decreases the risk of false positives and negatives as the
quartz/boro filter combination contains unnaturally short wavelength light that is not
present in the terrestrial UV spectrum. Clearly, an improved filter that matches sunlight
more closely is needed, and several workers have reported on such efforts.16

The average annual south Florida dose is approximately 2700 kJ/m2 @340nm. The
dose during each three hour J1960 cycle is approximately equal to half of the average daily
dose received by a panel on exposure in south Florida. The panel also undergoes one short
wet-dry cycle (front spray) and one humidity cycle (back spray). However, during every
24-hour period, panels exposed in Florida become wet at night for an extended time.
Including rainfall events, each panel in Florida may experience on average more than one
wet-dry cycle per day. Thus, on a dose basis each three hour J1960 cycle (~ 4 kJ/m2 @340
nm) is approximately equal to half a day of exposure in south Florida and on a wet-dry
cycle basis each three hour J1960 cycle is approximately one day. The current wet-dry
cycle is inadequate as it does not completely saturate the panels. While this scaling is not
exact, it is at least within a factor of two with respect to Florida parameters.

To increase acceleration, the intensity of the light must be increased. If the light source
correctly matches sunlight, acceleration may be achieved without distorting the chem-
istry.17 However, increasing the intensity will necessitate reducing the water soak times
to maintain the approximate scaling between dose/cycle and wet-dry cycles/day. The two
parameters appear to work at cross purposes. The compromise between dose scaling and
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wet/dry cycle scaling must be understood to improve these cycles. One strategy for over-
coming this issue may be to heat the water moderately to improve the rate of diffusion of
water into the paint system. This may allow for shorter times to saturation. However, care
must be taken not to significantly increase the rate of hydrolysis with respect to the rate
of photooxidation. More investigation into this strategy must be undertaken.

CONCLUSIONS

Both the chemical and physical impact of liquid water on the degradation of automo-
tive coating systems has been explored. The presence of liquid water in accelerated test-
ing is critical to reproducing the appearance of paint systems exposed outdoors and to
reproducing the chemical changes that take place through a coating system when it is
exposed to outdoor weathering in wet environments such as south Florida. The rate of
water uptake appears controlled by diffusion into the paint system. Current accelerated
weathering protocols do not allow for sufficient time during their nominal wet cycles for
paint systems to become saturated. Improving accelerated testing protocols may only be
possible by coupling improved, higher light intensities with improved environmental
cycles such that both the physical and chemical changes that occur outdoors are more
accurately reproduced in an accelerated weathering device.
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INTRODUCTION

Improvements in the stabilization of polymeric materials mean that the duration of
weathering tests increases. At the same time, however, an increasing number of new
developments in ever-shorter development cycles brings about greater demands to short-
en the test duration. Apart from accelerating the degradation rate by enhancing exposure
parameters, another approach to increasing the test throughput consists in using more
sensitive means of detecting degradation effects in earlier stages of the degradation
process.

The degradation process begins on a molecular level before it starts to spread over
higher proportions of the polymer. The effect of degradation on the material builds up
until macroscopic properties begin to change, either showing an abrupt threshold behav-
ior or a more gradual response to increasing degradation on a molecular level. From a
theoretical point of view, a detection of the earlier stages of the degradation process can
be expected by switching from the established, more macroscopic properties in the eval-
uation of effects to more microscopic ones.

While both physical processes and chemical reactions contribute to the degradation of
materials, chemical reactions usually are more dominant since their effects tend to be irre-
versible. Within these chemical reactions, oxidation reactions with oxygen usually are of
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highest importance. For saturated polymer bonds, the autooxidation process1 usually is
accepted as the main pathway to oxidative degradation. One of the termination reactions of
this radical chain process can lead to an electronically excited state that can return to the
ground state under emission of a chemiluminescence (CL) photon. In this way, the CL
becomes directly linked to the ongoing oxidation process. It allows one to monitor the
ongoing degradation process on a molecular level by simply counting the photons emitted
in the macroscopic world at the extremely high sensitivity of luminescence techniques,
such as CL.

While the first application of CL must be attributed to evolution from biolumines-
cence, i.e., very efficient CL emission from enzymatically controlled oxidation reactions
mostly for communication purposes, its exploitation for analyzing the oxidation of poly-
mers by humans started with Ashby,2 and Schard and Russell3 in the 1960s. The method-
ology received a boost by the introduction of sensitive and less expensive photomultipli-
ers that made a wider range of CL reactions experimentally accessible. However, for the
study of polymer degradation, the technique still remained exotic. Most investigations
focused on polypropylene4 although in the 1980s studies of the degree of curing of epoxy
resins also received some attention by the aviation industry.5 The oxidation behavior of
many other polymers was covered6 although actual applications in the monitoring of the
production process of relevant properties such as the degree of curing or the monitoring
of the aging process remained scarce. In recent years, only a few publications dealt with
the application of CL to monitor weathering exposure stages of polymers.7-9

EXPERIMENTAL

Artificial weathering was carried out using a commercially available weathering
device, Global UV Test (Weiss Umwelttechnik, Germany), which applies spectral irradi-
ance type A2 according to Table 1 of  ISO 4892-3:2006 with a combination of fluores-
cent UV lamps. Radiation is cut off at 290 nm, subjecting the samples to 45 W/m2 in the
wavelength range from 290 to 400 nm. The Global UV Test device allows for running
the test at defined, reproducible weathering conditions. Temperature can be held constant
within ± 1 K and relative humidity within ± 5% RH. 

A special BAM-developed weathering test that combines climatic stress with stress by
acid precipitation, the so-called Acid Dew and Fog (ADF) test,10,11 was  used. The 24-h
weathering cycle used for the ADF test is characterized by continuous UV radiation. It
starts with a short-term spraying of the simulated acid dew or fog (mixture of H2SO4,
HNO3, and HCl in the weight ratio 1 : 0.3 : 0.17 diluted to pH 2.5) onto the surface of
the test specimen, followed by a 14-h dry period of different climatic conditions (9 h at
35°C/75% RH and 5 h at 60°C/40% RH) followed by a 4-h rain period with demineral-
ized water at 35°C, continued by a final dry period of 6 h at 60°C/40% RH.

Chemiluminescence (CL)—The setup consisted of a BAM-built heating sample cham-
ber12 attached to a photomultiplier and commercial equipment for single counting detec-
tion of emitted photons. 

Heating was done electrically, controlled by a Lake Shore (Westerville, OH, USA)
340-temperature controller. A self-built gas-tight sample chamber was used that had a gas
inlet and outlet, with the sample in its middle, and a quartz window on its top connect-
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ing it to a side-on low-noise photomultiplier tube (HAMAMATSU, Herrsching,
Germany, Type R1527P select). The signal of the photomultiplier tube was processed by
a Perkin Elmer/EG&G/ORTEC (Oak Ridge, TN, USA) single photon-counting device
consisting of pre-amplifier VT120C, discriminator 935, and counter 994.

The ORTEC counter and the Lake Shore temperature controller were connected via
an IEEE bus to a PC that uses a self-programmed Turbo Pascal software to read out and
to control.

Measurements were conducted under oxygen at a flow rate of about 20 ml/min.
For the spectrally resolved CL experiments, a less sophisticated sample cell was con-

nected to the photomultiplier via a monochromator, which was used in scanning mode to
obtain the respective spectra at a certain duration of the CL experiment.13 Using cubic
spline interpolation, measured emissions at respective monochromator wavelengths at
different durations of the CL experiment were recalculated for a whole respective spec-
trum of wavelengths to begin at a common starting point.  These measurements were
conducted under air at a low flow rate (the cell was not constructed gas-tight and the
resulting air flow rate was extremely low).

RESULTS AND DISCUSSION

Principles of CL Detection

The link between the ongoing chemical oxidation reaction that leads to degradation
under weathering exposure and observed CL emission is via the radical chain character
of the autooxidation process, which can be regarded as the underlying mechanism in the
case of saturated bonds.

The autooxidation cycle sketches the reaction of a polymer R–H with oxygen (Figure 1).
Polymer radicals R• generated by the decomposition of hydroperoxides readily react

with oxygen to form alkylperoxy radicals. This step repeats quickly in the propagation
cycle. Among several possible termination steps in which free radicals can react with
each other with a certain probability after a certain number of cycles in the propagation
step, the depicted termination step renders an electronically excited carbonyl group RO*.
This can relax to ground state by emis-
sion of a CL photon; in this way, CL
becomes a cycle counter of the ongoing
oxidation reaction. The ration of termi-
nations to propagation cycles is specif-
ic to a polymer and to the reaction con-
ditions (especially the temperature).

The basic relationship between
observed CL emission and ongoing
chemical reaction can be described by
the following equation:

ICL=GΦr
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Figure 1—Autooxidation scheme for the oxidation of
saturated polymers with oxygen.



where:
ICL = observed CL emission
G = the instrument’s detection efficiency for each photon emitted
Φ = the quantum efficiency of the process (0 < Φ < 1)
r = the rate of the CL reaction

If not only the instrument’s detection efficiency, G, is regarded as constant but also the
quantum efficiency of the CL process, then the observed CL emission is proportional to
the reaction rate. However, in terms of the quantum efficiency, this is only an approxima-
tion since the quantum efficiency is only accessible via arduous calibration measure-
ments and its value is specific for a particular material. It can vary by orders of magni-
tude, from systems with very high quantum efficiencies occurring in bioluminescence
near 1 down to the very low quantum efficiencies usually found for the oxidation of poly-
mers of about 10–3 to 10–8. 

With the CL emission being proportional to the oxidation reaction rate at first approx-
imation, the CL emission can be seen as a measure of the oxidability of a sample or as a
measure of its residual stabilization. High emissions and short times to reach the emis-
sion maximum mean easy oxidability and low residual stabilization.

A critical parameter to be carefully chosen is the investigation temperature at which
the CL experiment is run. This is shown in the example of three isotherm CL experiments
using the same kind of LDPE samples (Figure 2). On one hand, increasing the CL inves-
tigation temperature results in increasing CL emissions and decreasing times to reach the
maximum; both would be desirable in conducting the CL experiment. On the other hand,
high temperatures usually are far beyond the application conditions to be described and
therefore could trigger the activation of possibly “unnatural” reaction paths with poten-
tially unrealistic effects.

While this relationship may be as simple for a homogeneous reaction, the reaction of
a solid polymer with gaseous oxygen obviously cannot be regarded as a homogeneous
reaction and actually is treated by more recent works14-16 as much more heterogeneous
than just in terms of the two phases in which the two reactants exist.

In the case of a solid polymer
reacting with gaseous oxygen,
all physical transport phenome-
na have to be taken into consid-
eration. Depending upon the
phase the oxidation reaction is
in (induction period, autoaccel-
eration, etc.), the partial oxygen
pressure, the density of the poly-
mer, etc., extremes of domi-
nance of the whole process can
occur between reaction control
and diffusion control; whereas,
in between these extreme situa-
tions both contributions will
play a role. 
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Figure 2—Principal course of CL curves for polyolefins using
the example of an LDPE. A variation in the CL investigation
temperature results in increasing CL emission and decreasing
times to reach the maximum with increasing temperatures.



In the case of several components in the system, the CL emission can be written as
follows:

The CL emission can be regarded as the weighted sum of the reaction rates of the species
contributing to CL. The weighing factor is the product of the fraction xi and the individ-
ual quantum efficiency Φi. As the quantum efficiency can vary by orders of magnitude,
this can mean that a component with high quantum efficiency contributes higher to over-
all CL emission than other components even though its relative concentration might be
much lower than that of the other components.

This consideration, however, would still mean that all components are independent
species in infinitely dissolved solution, a prerequisite that definitely is not met in the case
of several components densely packed in a solid. In this case, just as for any non-infinite-
ly dissolved species, energy transfer can occur which will become a dominant pathway
if the species to which the energy transfer occurred, B, has a higher quantum efficiency
than the original species, A:

This again could mean that a component with low relative concentration might become
dominant for the emission. 

The resulting CL emission can be described as the sum over all oxidizable species in
terms of the superposition of the effects of chemical reaction rate changes and physical
transport properties. For this reason, at least for technical polymers, it is hardly possible
to find an analytical description of a single species. Thus, it does not seem to be suitable
for its emission curves to be used to calculate an absolute lifetime. However, as it is
extremely sensitive, it is extremely useful for any mechanistic study of the results of all
systematic parameter changes related to oxidation for all sorts of investigations into rel-
ative stabilities.

Apart from the chemical reaction in an indirect way, the physical processes can influ-
ence the observed CL emissions. This indirect influence mostly comes via transport
processes of the reactant oxygen into the solid phase of the polymer. Gas permeability
and diffusion, its change-over temperature and crosslinking or fragmentation of the poly-
meric matrix, as well as migration of stabilizer or crystallinity changes in the polymer in
the course of aging, are to be considered.

WAYS TO ABSTRACT FURTHER INFORMATION 
FROM THE CL SIGNAL

Spectral Resolution

One possible way to extract individual contributions of the emitting species to the
integral CL signal could be by means of wavelength dispersion of the CL signal and try-
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ing to deconvolute into known spectra of contributing components. However, in the case
of condensed matter energy transfer, this means that emissions will be derived primarily
from species with the highest quantum efficiency of emission.

This can be demonstrated for CL measurements on the oxidation of a conjugated poly-
mer poly(phenyl-p-phenylene vinylene), P-PPV,  oxidized under air17 (Figure 3). Here,
the unoxidized polymer has a particularly good quantum efficiency, which is related to
its conjugation. In the oxidation process the conjugation is gradually lost and the emis-
sion efficiency of the oxidized polymer is decreased. While the oxidizing polymer actu-
ally generated the electronically excited species that gives rise to CL, it is the spectrum
of the unoxidized polymer that is observed due to energy transfer to the better emitting
species. A comparison of the obtained CL spectrum and a photoluminescence spectrum
of unoxidized P-PPV shows good agreement. This means that even though in the course
of the CL experiment the chemical environment of the emitting oxidized species changes,
the spectrum stays constant at the same maximum wavelength. Also, the spectral
halfwidth is much broader (about 200 nm for PE compared to about 50 nm for P-PPV)
in this case, which could be explained by the large number of similar but spectrally not
identical species that give rise to emission as opposed to the case of P-PPV, in which it
is assumed that only the unoxidized species emits. 
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Figure 3—Spectrally
resolved CL of the conju-
gated polymer
poly(phenyl-p-phenylene
vinylene) showing an
about constant CL emis-
sion maximum. Heat-up
and isotherm 137°C
under air.

Figure 4—Integral CL emission
of HDPE heated under air to
465°C. Heat-up and isotherm
410°C under air.



A different situation exists for an intrinsically poorly emitting polymer like polyeth-
ylene. In this case, the carbonyl species formed in the oxidation process can be assumed
to exhibit a better quantum efficiency than the unoxidized polymer (Figures 4–5). For
this reason, a change of the chemical neighborhood (e.g., the degree of oxidation of the
pending alky residues of the carbonyl group) means a shift in the emission maximum
over the course of the CL experiment in this case.

The CL investigation temperature used in this example is very high and will lead to
the destruction of the stabilizer system. 

Imaging Chemiluminescence18

Through imaging onto an array of photon detectors (mostly CCD), heterogeneities
within the oxidation of the sample surface can be investigated. Since this surface could
be prepared as the cross-section of a material, this can be used to investigate oxidation
profiles.19

Combination with Other Techniques

By combining the information from CL with the information gained from other tech-
niques, an interpretation of CL measurements becomes possible. Interestingly, techniques
such as oxidation uptake20 and carbon dioxide evolution21 have emerged only over the
last couple of years, while the combination or coupling with established techniques such
as IR22 and DSC23 has been in use for a longer time.

BASICS OF CL FOR SHORTENING WEATHERING TESTS

Acceleration of weathering tests can be achieved by an exaggeration of parameters far
beyond field conditions (Figure 6).

However, this exaggeration of exposure parameters (in terms of high temperatures or
shorter irradiation wavelengths than within global irradiation) means that reaction paths
are activated that may be completely irrelevant for the exposure under field conditions

315

Figure 5—
Spectrally resolved
CL of HDPE heat-
ed under air to
465°C within first
60 min showing
spectral red-shift
of wavelength of
maximum emis-
sion from initial
500 nm up to 620
nm at the end of
CL investigation;
for the tempera-
ture program
used, see Figure 4.



that was to be simulated. As
a result, properties could be
completely out of propor-
tion on an absolute scale
and the relative ranking of
different systems might
come out completely
inversed.24 Therefore, this
kind of testing can be char-
acterized as quick and use-
less. Throwing dice would
be cheaper, quicker, and
possibly even would bear
higher probabilities for cor-
rect rankings than this exag-
geration strategy.

The most common
approach for achieving acceleration of weathering tests is the time-lapse strategy (Figure
7), in which more effective phases of exposure parameters are applied more frequently.
For instance, instead of simulating the diurnal increase and decrease of UV irradiation in
the fashion of global irradiation, the noon level is kept constant for 24 h. While there
could be processes that need a dark period in general, this strategy maintains a correla-
tion to field conditions. Similar approaches can be used for temperature or humidity,
although for these, it might be most effective to frequently change from high to low val-
ues that could result in mechanical tensions in the material, instead of maintaining con-
stant phases on high values.

A third approach for shortening weathering tests consists in a more sensitive method of
detection (Figure 8). In many cases, weathering tests have to be carried out until different
performance properties can be detected on the samples. Therefore, the sensitivity thresh-
old in the determination of weathering effects can determine the duration of the test.

In a weathering test,25 the stability of a relevant property under the action of a weath-
ering exposure is examined. The aging process manifests itself in the change of certain
properties of the material under investigation, which usually means a degradation of
functional properties. Chemical reactions (most importantly, oxidation reactions) and
physical processes (such as transport reactions) both contribute to the aging process.
Typically, however, the chemical reactions are the dominant ones, since they tend to be

irreversible. Initiated most-
ly by UV radiation, the
degradation process usually
starts with single molecules
on the surface, and then
spreads over the whole sur-
face, finally reaching ever-
deeper layers of the bulk of
the material (Figure 9). If
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Figure 6—Acceleration of weathering tests by means of exaggera-
tion of exposure parameters.

Figure 7—Acceleration of weathering tests by the time-lapse
approach.

Figure 8—Acceleration of weathering tests by means of more sen-
sitive detection.



the concentration of degrada-
tion products on the surface has
accumulated beyond certain
threshold values, even macro-
scopical physical properties of
the material may change.

It is not sufficient to opti-
mize the initial performance of
a property, as the sensitivity to
degradation under a weathering
exposure changes from one
material to the next. This mani-
fests itself in different degra-
dation rates. Initial perform-
ance rankings may change
completely during a weather-
ing exposure (Figure 10). 

This is why weathering
tests are necessary. If there
were a good correlation
between the property value
after weathering to the value
before weathering, it would be
possible to predict the final
value from the initial one.

The weathering test is only as good as the detection of its effects on the samples.
While very few techniques allow for the detection of weathering effects as degradation
rates (a rare example is chemiluminescence), the next closest to detecting the degrada-
tion rate itself is the detection of degradation products on the surface by techniques like
ATR infrared spectroscopy. These
products are the integrated rate curves,
i.e. concentration curves (Figure 11).

Many established detection tech-
niques are not able to distinguish the
degradation products themselves but
detect a physical property (such as
gloss or mechanical strength), which
needs degradation products to be
accumulated until this physical prop-
erty is affected. A transfer function
mediates the change in concentration
as a change of a physical property
(Figure 12). This extra transfer func-
tion implies a loss in sensitivity and
selectivity.
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Figure 9—Schematic illustration of the weathering process
starting at separate molecules, spreading over the surface, and
finally reaching ever deeper layers of the bulk of the material.

Figure 10—Different degradation rate behavior of two materi-
als resulting in final values of a property at duration B that are
not correlated to the initial values before weathering A. 

Figure 11—Relationship between degradation rate
and oxidation products. 



Since each individual property can have its own specific sensitivity to weathering
exposure, each property needs its own specific weathering stability test (Figure 12).
Both the onset of degradation and the condition (gradual or abrupt) of the property
decline can be different.

Demonstrating that the same samples exposed to the same weathering can show quite
different results of weathering effects in terms of different properties, Figure 13 shows
that not only the course of the degradation but also the ranking of weathering effects can
be a function of the property used.

Prerequisites for the Correlation of Results Out 
of Accelerated Tests and the Field

The parameters of an artificial test are chosen in order to optimize the correlation of
exposure results to those of an outdoor test. This correlation can achieve satisfactory
results only if a number of conditions are met.

For any acceleration, the results obtained for the shorter time of the artificial test must
balance with the results of the real-time outdoor test. It must be demonstrated that the
rankings of property changes at the earlier detection time correlate with the rankings
found for the later time of the outdoor test.

Only for a group of materials that shows a homogeneous course of degradation
(Figure 14), with no overlap of degradation curves versus time, can it be expected that
ranking for an earlier detection will be the same as for the later time at which established
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Figure 12—Different
behavior of two dif-
ferent properties as
a function of expo-
sure duration of
same respective
materials.

Figure 13—Experimentally derived
example of aging behavior of the
same set of materials expressed dif-
ferently in the properties of gloss
and yellowing: two coating systems
being artificially weathered. In
terms of gloss (a), system 1 shows
fewer effects than system 2, while in
terms of yellowing (b) the sequence
changes and system 2 shows less
yellowing than system 1.



detection was able to distinguish differences. For a group that shows inhomogeneous
degradation behavior (Figure 15), with resulting overlap of degradation curves, consis-
tent ranking is not possible. This behavior is specific for both the materials and the expo-
sure. While a more homogenous degradation situation is likely to occur for good or bad
performances, the inhomogeneous situation is very likely during the middle part of per-
formances.

This necessary scaling is further complicated if different properties are detected in the
artificial and the outdoor test. In this case, the homogeneous degradation behavior of
materials as well as homogenous behavior of the two properties is required.

Scaling of the complete exposure can be regarded as the result of the superposition of
individual exposures (irradiation, temperature, humidity, chemicals, etc.). Even if the
correlation for one of these individual parameters is known, there still is no analytical
interpretation of the combined effects of all these parameters. This analytical description
is complicated by the fact that the mutual interaction of these parameters (synergistic and
antagonistic effects) is very strong. It is not possible therefore to describe the combined
effect simply as an addition of individual independent exposure terms and add up the
interaction terms.

The most important of these exposure parameters is UV irradiance. It currently is the
subject of an investigation, in which ranges of irradiance on the photodegradation effect
depend only on the radiant exposure. The so-called reciprocity law26 holds true if differ-
ent ways leading up to the same integral of irradiance over time also cause the same
exposure effect  (Figure 16).
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Figure 14—Group of materials
showing homogeneous course of
degradation leading to consis-
tent ranking between earlier
detection time 1 of the acceler-
ated test and detection time 2 of
the real time outdoor test.

Figure 15—Group of materi-
als showing inhomogeneous
course of degradation lead-
ing to different rankings at
earlier and later points of
degradation.
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While reciprocity can be
expected to hold in many
cases and artificial testing and
outdoor exposure, hence,
could be directly related in
their effects, the additional
effects of the other parameters
still cannot be calculated.
Therefore, it cannot be pre-
dicted what the additional
effect of, for instance, a tem-
perature increase of 5°C

might cause. This would be the case even if the exact exponential relationship between
temperature and degradation effect were known. However, this knowledge only relates to
the isolated effect of temperature on the weathering effect for a constant set of all other
parameters.  It is hoped that the developing numerical environmental simulation will be
able to fill this gap in the not too distant future.

Examples of CL Detection for Shortening Weathering Tests

For a CL investigation of weathering effects, weathering exposure is used to cause a
certain oxidative stage in the material. The sample then is removed from the weathering
exposure and is subsequently investigated in a CL experiment, which can be regarded as
a titration of the residual stabilization in the material (Figure 17). If this procedure is
repeated for all other samples, the CL allows a ranking to be done in terms of stabiliza-
tion left after the weathering exposure up to this stage. The results of different samples
at this stage can be compared to the results at a later weathering stage as the ranking
might change in the course of weathering.

COMPARISONS OF CHARACTERISTIC DURATIONS—In the first example presented, the
CL ranking is carried out on the basis of characteristic points in the CL over the duration
of the experiment. Characteristic points are, for instance, the duration of the induction
time or the duration to reach the respective emission maximum. The advantage in this

approach is that it avoids
having to account for dif-
ferent quantum efficien-
cies, as would be neces-
sary if absolute CL emis-
sions were compared. The
disadvantage is that, in
order to be  realistically
stabilized, the induction
times and times to reach
the CL maximum are still
very long even for
exposed samples, and

Figure 16—Validity of the reciprocity law between radiant expo-
sure and photodegradation effects.

Figure 17—Principal course of CL investigations of increasing
degradation during a weathering exposure test. CL allows probing
the residual stabilization of the sample after a particular exposure
duration like a titration.
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Figure 18—CL investigation of the influence of artificial weathering dura-
tion (BAM developed Acid Dew and Fog test ADF-J 1,5) for a model LDPE
stabilized with 0.2% Hostavin N30 HALS under air, isotherm at 172°C.

temperatures have to be elevated considerably over field conditions. As pointed out pre-
viously, this carries the danger of loose correlation of the ranking under the actual appli-
cation conditions, especially as modern UV stabilizers quickly degrade at temperatures
exceeding about 100°C.

The first example for model LDPE agricultural films stabilized with a low concentra-
tion of HAS of 0.2% (Figure 18) shows the systematic influence of a variation in the
duration of a weathering exposure from unexposed to 42 days artificial ADF test on the
subsequent CL emission curves.

The example shows a systematic decrease in the duration to reach the CL maximum
with increasing weathering exposure. In absolute CL emissions there also is a systemat-
ic increase in CL emissions with increasing exposure duration up to 21 days, but there is
a decrease in emissions for 42 days again, which is thought to be caused by a change in
quantum efficiency due to the weathering exposure-caused degradation process.

The influence of an increased stabilizer concentration on the resulting CL emissions
curves is demonstrated when compared to the next example (Figure 19), in which an
agricultural film that was stabilized at about six-fold higher HAS concentration was stud-
ied. Here, the time to reach the CL emission maximum for the unexposed sample has
increased to 85 h of the CL experiment compared to 12 h in the case of the 0.2% stabi-
lized film discussed previously. The evaluation in terms of induction times should lead to
shorter CL investigation durations, but in the case of PE samples the transition at the end
of the induction time is very gradual, making the determination of the induction time dif-
ficult.

In this example, the spread differentiation of different exposure durations in the
respective CL curves is much better than for the lower stabilized example shown in
Figure 18. Furthermore, the difference in absolute CL emissions from an almost constant
value between unexposed to 21 days exposure up to the much higher value after 42 days
exposure suggests that after 21 days exposure the effective concentration of stabilizer left
in the polymer is no longer sufficient for the autooxidation to enter the accelerated stage.
The lower CL emissions for the field-exposed sample could be a result of the CL quench-
ing chemicals used as pesticides and fungicides within the greenhouse.
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This example also demonstrates that the duration of a CL experiment can be long if
the amount of stabilizer is high (85 h for the time to reach the maximum of the unexposed
sample). In this particular case, acceleration could have been achieved by using pure oxy-
gen instead of air as the oxidant.

The CL evaluation allowed a ranking of stabilizer systems after 21 to 42 days of
weathering exposure, while evaluation by means of tension tests needed at least 98 days
of artificial weathering.

It should be mentioned, though, that the CL investigation temperature used in this
example is very high, primarily to allow a shortening of induction times despite full con-
centrations of stabilizers (designed to allow several years of use under outdoor condi-
tions). This means that the stabilizer system will break down quickly and, under these
conditions, the CL predominantly investigates the oxidation behavior of the polymer
itself. The conclusion about the efficiency of the stabilizer is an indirect one: the amount
of polymer that still can be oxidized at this stage in the weathering exposure experiment
depends on the exposure history and the effectiveness of the stabilizer in this time.

COMPARISONS ON THE BASIC OF ABSOLUTE CL EMISSIONS—To avoid the potential
negative effect that can result from the use of high investigation temperatures for the CL
experiment in terms of the correlation to actual service conditions, and still allowing for

acceptable durations for the CL
experiment, in the following
example another approach is fol-
lowed. Here, the high sensitivity
of CL is used to make compar-
isons during the induction time
of the material. Furthermore, to
compare different chemistries, a
normalization of exposed CL
emissions to unexposed CL
emissions of respective materials
is used.

In the example demonstrated,
three different automotive coat-

Figure 19—CL investiga-
tion of the effect of artificial
weathering (BAM devel-
oped Acid Dew and Fog
test, ADF_J 1,5) on the
oxidative stability of a com-
mercially available LDPE-
EVA film containing 1.2%
Hostavin N30 HALS com-
pared to the CL curve of a
sample of the same material
that failed after 20 months
outdoor exposure under
field condition. CL isotherm
at 172°C under air.

Figure 20—CL emission of unexposed coating systems (#1:
TSA; #2: PUR, #3: PUR) showing differentiation between
TSA and PURs due to different quantum efficiencies.
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ing systems were evaluated using CL after outdoor exposure for 98 days in Jacksonville,
FL, in comparison to 28 days of exposure to the artificial ADF weathering test. To rank
the three coatings, an attempt was made to use absolute CL emission before exceeding
the induction time. In this case, the respective unexposed systems were standardized at a
temperature of 137°C to account for the different quantum efficiencies of different mate-
rials, as described earlier.8,27

While a complete coating system was studied, the CL evaluation was predominantly
sensitive to the uppermost clearcoat layer. This mostly is due to absorption of emission
in deeper layers of the material and could be demonstrated by a comparison of the CL of
the whole coating system to the CL of free films of the clearcoat.

Figure 20 shows the result of the CL investigation on the three unexposed coating sys-
tems. The two polyurethane systems not only show higher CL emission on all tempera-
ture levels but also show a different behavior within the highest temperature level of
137°C. The decrease with increasing duration on this temperature level for the thermoset-
ting acrylic #3 contrasts to the increase for the two polyurethanes, which is likely due to
different oxygen diffusion behavior.

The CL evaluation of artificially exposed systems (Figure 21) shows emissions that
are about six-fold higher than for the unexposed systems. For a comparison in terms of
stability, however, the differ-
ent quantum efficiencies have
to be considered.

Normalization of the CL
emission maximum at 137°C
of the respective unexposed
system results in a change of
rankings for system #3
(Figure 22).

To allow a better compari-
son of quantum efficiency cor-
rected CL emissions, the
respective initial CL emis-
sions upon reaching a new

Figure 21—CL emission of
automotive coatings that had
been exposed for 28 days in
the artificial ADF weathering
test. For a comparison in
terms of stability, the respec-
tive quantum efficiencies have
to be considered. Mind the
changed scaling of Y-axis in
comparison to unexposed sys-
tems (#1: TSA;  #2, #3: PUR).

Figure 22—CL emission that was corrected to different quan-
tum efficiency by normalizing to emission of respective unex-
posed systems at 410 K. (#1: TSA;  #2, #3: PUR).
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temperature level are plotted versus this temperature (Figure 23). The evaluation shows
that for a temperature range between 60°C and 115°C, a stability sequence #3>#2>#1 is
valid, whereas for temperatures between 1150°C and 140°C, the stability ranking is
#3>#1>#2. As temperatures on real car surfaces can reach up to 90°C, the region up to
this temperature and below it are considered most relevant.

The same procedure was used to obtain the representation shown in Figure 24 for the
outdoor exposure of the same coating systems for 98 days in summer in Jacksonville, FL.

In comparison to the results of the CL evaluation of the artificial ADF weathering test
(Figure 23), the CL evaluation of the outdoor exposure in Jacksonville (Figure 24) shows
good agreement. Two differences should be mentioned: first, the CL emissions of all
three coatings are lower than for the case of artificial weathering. This could either mean
that the artificial exposure was more degrading or that quenching from components that
only were present in outdoor exposure occurred. It seems to confirm the former interpre-
tation that the spread of CL emissions between the three coatings also is lower for the
outdoor exposure compared to the artificial exposure. The second difference is the addi-
tional overlap of the curves for system #2 and system #3 for temperatures below 75°C,
which most probably is caused by the lower spreading of the three curves.

More comprehensive studies of the weathering effects of automotive coatings using
the CL evaluation28 showed that the duration of the artificial weathering could be reduced
by at least a factor of two compared to macroscopic evaluation techniques like visual

Figure 24—CL evaluation of
three automotive coatings that
were exposed for 98 days in
outdoor exposure in the sum-
mer of 2002 in Jacksonville,
FL. (#1: TSA, # 2,#3: PUR).
The analogue normalization
procedure was as described for
artificial weathering.

Figure 23—Normalized CL emis-
sions after 28 days of  the artifi-
cial ADF weathering test as in
Figure 22, but logarithmic CL
emission of peak value at each
respective temperature step is
shown for representational rea-
sons (#1: TSA; # 2,#3: PUR).
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assessment or haze and gloss measurements. This implies however that the demands to
rank correlation are reduced to screening group correlations of good, medium, and low
performances.

SUMMARY

Chemiluminescence’s  high sensitivity and close link to oxidation as a driving force
of the degradation process make it a high priority candidate for use as a more sensitive
detector to allow for the shortening of weathering tests. Its emission is a measure of the
oxidability of a material, but also is influenced by the transport properties of the oxida-
tion process. However, as its response is a weighted sum of the emissions of the individ-
ual components in the system with unknown values of the respective weights, its inter-
pretation for a technical system is the major drawback. These difficulties only can be
overcome by the parallel use of complementary techniques, such as oxygen uptake or IR
measurements.

Regarding information content of CL experiments, it was found that, without an ana-
lytical physical-chemical model, CL cannot estimate absolute service lifetimes. It is use-
ful, though, for characterizing a momentary oxidation or stabilization state relative to
other samples. CL carried out after a weathering exposure probes the current stabiliza-
tion. CL detection is not suited for mass throughput of samples as the CL experiment
takes hours.

A more general question that not only applies to CL-enabled accelerated weathering
tests, but all accelerated tests, is that of the scalability of early weathering stages to the
stages to be described under actual field conditions. In first approximation, it seems that
this scalability only can be assumed for systems that show very good or very low per-
formance, while for the large group of systems that show mid-range performance, fre-
quent ranking inversions are to be expected. Also, the CL signal must be related to the
macroscopic property that usually is the primary focus. For a set of samples to be com-
pared at a certain stage of aging, homogeneous ageng behavior in the group is necessary
or otherwise ranking inversions will occur in the course of the exposure.
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INTRODUCTION

Exposing polymers to environmental atmosphere changes their external appearance
and their properties and modifies their surface. Protection from photoaging of polymers
with aromatic structures such as bisphenol-A polycarbonate (PC), poly(ethylene tereph-
thalate) (PET), or poly(ethylene naphthalate) (PEN) is a difficult challenge as their
monomer units strongly absorb UV light. UV radiations induce chemical reactions such
as the rupture of covalent bonds initiating photolytic (without intervention of oxygen)
and photooxidation (fixation of oxygen) reactions. This causes, in turn, breakdown of the
materials, with yellowing and embrittlement as major consequences.

To prevent these damages, a very effective method to protect the polymer is the dep-
osition of ceramic coatings that are transparent in the visible light range. A ceramic coat-
ing physically screens the incident radiation, which reduces the undesirable effects of
photochemical processes. In addition, the photooxidation rate decreases because the coat-
ing acts as an oxygen barrier. Low temperature crystalline deposition is of particular
interest for polymers that cannot tolerate high temperatures. 

The efficiency of photoprotection by coatings, associated with an enhancement of the
surface properties of the coated polymer, will be illustrated by three examples described
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in this chapter. The first two examples include a ceramic coating which enhances the
nanomechanical properties of PC, and a self-cleaning ceramic coating deposited on PET.
A third example will show the potentiality of coatings obtained by sol-gel process and
deposited on poly(ethylene oxide) (PEO). 

The effectiveness of ceramic coatings has been demonstrated in recent studies dealing
with various polymers coated with zinc oxide (ZnO) and titanium dioxide coatings.1-3

Even if the efficiency of the ZnO layer is incontestable, one of the limitations of the use
of ZnO is its photocatalytic activity4 that leads to photocatalytic oxidation of the polymer
at the interface. It is therefore advantageous to first coat the polymer with a photocatalyt-
ically inactive ceramic layer, such as aluminum oxide (Al2O3). However, because Al2O3
does not provide a screening effect on damaging UV radiation, it is necessary to synthe-
size a two-layer coating consisting of an Al2O3 underlayer and a ZnO top layer.5

Enhancing the surface nanomechanical properties of the coating could increase the
range of engineering applications of the layered ceramic/polymer systems. Al2O3 pos-
sesses better mechanical properties compared to ZnO, with lower scratch and wear sen-
sitivities. To improve the quality of the surface, Al2O3 has also been deposited as an upper
layer, sandwiching the ZnO layer. Thus, PC/Al2O3-ZnO-Al2O3 assemblies were success-
fully obtained.5

Self-cleaning property is required to have surfaces without alteration of their superfi-
cial properties in outdoor exposure. Reactive radio-frequency magnetron sputtering using
a titanium target in an argon-oxygen mixture is a very valuable process to get crystalline
anatase on unheated polymer. On one hand, our results indicate that TiO2 has a very good
photocatalytic activity as shown by its ability to photodegrade Rhodamine B dye solu-
tion. On the other hand, our results indicate that transparent, thin bi-layered ceramic coat-
ings Al2O3/TiO2 deposited on PET films efficiently protect the polymer from photodegra-
dation. The combination of these two properties allows for photostable and transparent
polymer/ceramic layered media with superficial self-cleaning property.6

The use of the above mentioned technique is limited by high costs, small item dimen-
sions, and simple geometrical forms requirements. An interesting alternative that permits
optimizing the surface protection and the mechanical properties of the polymer is to
deposit nanostructured organic-inorganic hybrid coatings (ceramers). These hybrid mate-
rials can be prepared by sol-gel process, which allows the incorporation of organic struc-
tures in a three-dimensional inorganic network. While transparency and clarity are main-
tained, our results show that enhanced resistance can be obtained towards different envi-
ronmental factors, such as scratching and abrasion.7 The possibility of applying this kind
of protective coating even on objects of complex shape could draw wide attention for
several industrial applications.
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ENHANCEMENT OF PHOTOPROTECTION AND
NANOMECHANICAL PROPERTIES OF PC

Experimental

SPECIMENS: PC films (50 μm-thick) were supplied by Technifilm (ref. Makrofol D.E.
6-2) or Goodfellow. They are amorphous, transparent, and antioxidant free. They were
ultrasonically cleaned in ethanol. Before sputtering they were treated by CO2 cold plas-
ma in the sputtering chamber. The PC surface energy was deduced from the study of the
wettability using the two-liquid method.8 The chemical bonds at the PC surface were ana-
lyzed by XPS using SIA 200 RIBER CAMECA UHV with non-monochromated Mg Kα
source.

DEPOSITION AND CHARACTERIZATION OF ZNO AND AL2O3 THIN FILMS: The deposi-
tion of ZnO and Al2O3 thin films was carried out in an Alcatel SCM 450 sputtering unit
equipped with 13.56 MHz radio-frequency generator. ZnO and Al2O3 targets (purity:
99.9%; diameter: 100 mm) were fixed on cooled magnetron cathodes. The substrate was
situated at 90 mm from the target and the sputtering chamber was evacuated below 10–4

Pa pressure before admitting gases at low pressure for plasma treatments or deposition.
The thickness of the sputtered coatings was measured by ellipsometry and interferome-
try. The structure and the microstructure of the deposits were examined by X-ray diffrac-
tion (XRD) and scanning electron microscopy, respectively. The film composition was
analyzed by Rutherford Backscattering Spectroscopy (RBS). Stresses were evaluated by
the bending beam method.9 The optical properties of the thin films were characterized by
ellipsometry, interferometry, and study of the UV-visible spectra by the Swanepoel
method10 in accordance with their thicknesses.

The properties of ZnO deposits depend on sputtering conditions and on the thickness
of the layer.3,11 The deposition conditions which give the best results for the photoprotec-
tion are: argon (95%)-oxygen (5%) plasma, 1 Pa pressure, and 0.89 W/cm2 power densi-
ty. Films crystallize in the hexagonal würtzite phase with a preferential orientation. Their
microstructure is columnar and compact. The deposits grow with c-axis and columns per-
pendicular to the substrate surface. Their compactness increases with thickness and also
with the deposition power. Their density is about 4.6 g/cm3 for thicknesses in the 50–100
nm range. The zinc oxide deposits have an oxygen excess: the O/Zn atomic ratio is about
1.15. High compressive stresses (about 1 GPa) are present.

The Al2O3 thin films were deposited in conditions which give a dense microstructure
and a low stress level, i.e., pure argon plasma, 1 Pa pressure, and 1.27 W/cm2 power den-
sity.12 The deposits are amorphous and consist of columns with domed tops. These alu-
mina layers contain a light oxygen excess (the O/Al atomic ratio is about 1.57) and a low
argon concentration (about 0.6 atomic %). Compressive stresses are also present in these
deposits but their level is lower than in ZnO deposits (about 140 MPa).

IRRADIATIONS AND SPECTROSCOPIC STUDIES: Irradiations were carried out in a
SEPAP 12.24 unit at a temperature of 60°C with medium-pressure mercury lamps. This
medium-accelerated photoaging device has been described previously.13 The evolutions
of UV-Vis and infrared spectra were recorded respectively on a Shimadzu UV-2101PC
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equipped with an integrating sphere and on a Nicolet Magna-IR 760 FTIR spectropho-
tometer.

Because the light absorption by PC extends up to 330 nm, this polymer absorbs the
UV-light present in the terrestrial solar radiation, which produces photochemical degra-
dation of the polymer. Photodegradation of PC results in significant changes in the UV-
visible and IR spectra.13–15 The rates of degradation can be characterized by the measure-
ment of the concentration of the stable photo-products that are produced during irradia-
tion, indicated by the changes in the UV-Vis and IR spectra.

• The photo-yellowing of PC can be evaluated by measuring the increase of
absorbance at 400 nm. The discoloration is a consequence of both photolysis (photo-
Fries) and photooxidation.

• Measuring the increase of absorbance in the hydroxyl region of the infrared spec-
trum (3470 cm–1) can be used to characterize accurately the progress of the photooxida-
tion reactions in PC.

NANOMECHANICAL TESTING: The nanomechanical behavior of both coated and
uncoated PC was evaluated with a surface force apparatus consisting of an atomic force
microscope (Nanoscope II, Digital Instruments) retrofitted with a force transducer
(Triboscope, Hysitron, Inc.), which allows loading and unloading to be performed in a
controlled fashion. Indentation experiments were performed with diamond tips of nomi-
nal radius of curvature equal to ~117 nm (Berkovich) and ~850 nm (conospherical)
using triangular force functions with loading and unloading times both equal to 5 s.
Tuning of the electrostatic force constant of the transducer and tip shape calibration were
carried out before testing. The tip calibration procedure was based on the method of Pharr
et al.16 To determine the tip-shape function, indentations of varying contact depth were
produced on fused quartz of hardness and elastic modulus equal to ~10 and ~73 GPa,
respectively. The hardness and reduced elastic modulus of the various samples were cal-
culated using the contact depth at maximum load and the slope of the unloading portion
of the force-displacement curve determined at maximum load, respectively.

Sliding tests were performed with the ~850 nm radius conospherical diamond tip.
Wear tracks of 2 μm in length were produced by traversing the tip on the specimen sur-
face at a constant speed of 0.2 μm/s, while increasing the normal load from 3 to 250 μN
in a linear fashion. The coefficient of friction was obtained as the ratio of the lateral (fric-
tion) force to the instantaneous normal force. To avoid deformation effects from neigh-
boring wear tracks, the distance between sequential wear tracks was kept larger than 2
μm. Additional information about the testing procedure used in the nanoindentation and
nanoscale sliding experiments can be found in a previous publication.17

Results and Discussion

Figure 1 shows the UV-visible spectra of PC coated with ZnO and Al2O3 layers. Al2O3
deposits are perfectly transparent in visible and near-UV domains. ZnO coatings also
have a good transparency in visible UV but absorb UV radiations as it is expected for our
application. This UV absorption increases with the thickness of the ZnO layer and reach-
es very high value above 200 nm.
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TREATMENTS AND CHARACTER-
IZATION OF THE PC SURFACE: The
adhesion of ZnO and Al2O3 onto PC
is high if the sputtering parameters
previously indicated are used. In this
case, a mechanical adhesion test
like “peeling test” is not able to
give reliable results because the
rupture of the assembly is cohesive
(in the materials) instead of adhesive
(at the interface). Nevertheless, it is
essential to obtain the highest possi-
ble adhesion. This objective can be
reached by an increase of the sur-
face energies of the two materials
which are brought face to face. The
surface energy of the deposit can be
modified by acting on the sputter-
ing conditions. Appropriate treatments of PC can eliminate its surface pollution and
induce changes in its chemical composition. With this aim, PC surfaces can be treated by
a CO2 cold plasma of short duration (from 10 to 30 s), treatment that usually gives a mod-
erate oxidation of the polymers. Moreover, risks of post-deposition contamination are
eliminated because such treatment is carried out in the sputtering chamber.

The variation of the surface energy γs of PC due to the treatment and its two compo-
nents is presented in Table 1. The dispersive component slightly increases under the
treatment effect. On the contrary, the polar component , which is insignificant for ref-
erence PC, becomes very important (38 mJ/m2). This indicates the formation of a great
deal of polar groups i.e., there is functionalization of the surface.18

X-ray photoelectron spectroscopy (XPS) analyses were performed in order to charac-
terize the surface modifications of PC. Important modifications were observed after treat-
ment by a CO2 plasma. A new component at 288.6 eV appeared in the C1s peak. This bond
was identified as free carbonyl (C=O). This attribution was confirmed by the increase of
the O=C component against the O–C component in the O1s peak. In addition, the Sat com-
ponent of the C1s peak disappeared. This indicates that aromatic rings are broken, which
can permit the fixation of oxygen. Moreover, a small broadening of the initial peak com-
ponents was observed, which corresponds to the appearance of secondary bonds. 
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Figure 1—UV-Vis absorbance spectra of ZnO and
Al2O3 coatings deposited on PC (The ZnO and Al2O3
coatings are denoted by Z and A, respectively, while the
numbers indicate the corresponding layer thickness in
nanometers).18

Table 1—Surface Energy (γs) of PC: = Polar Component; = Dispersive
Component

(mJ/m2) (mJ/m2) γs (mJ/m2)

PC (reference) ..............................4 38 42
PC (CO2 treated) .........................33 57 90



In conclusion, the presence of
C=O bonds is in good accordance
with the increase of the polar compo-
nent of the surface energy as previ-
ously seen. This functionalization of
the PC contributes to better adhesion
because it allows for chemical bonds
with a deposit ceramic layer.18

ZNO COATINGS ON PC: Figure
2 shows the increase of absorbance at
3470 cm–1 versus irradiation time.
This increase is important for the
uncoated PC and characterizes its
photooxidation. When the thickness
of the ZnO layer increases, a

decrease of the PC photodegradation is observed. The same conclusion is drawn when
the absorbance is measured at 400 nm. ZnO coatings can efficiently protect PC from
photoaging. ZnO exhibits a strong absorption in the region 300–400 nm which depends
on the thickness of the layer. The screening effect therefore reduces the PC photodegra-
dation produced by the direct absorption of sunlight radiation. In addition, we have
shown that the grain size and the density increase with the coating thickness. The coat-
ings are denser and have lower microvoids. Consequently, they are more impermeable to
oxygen and so the oxidation is limited.

MULTILAYER COATINGS ON PC: Figure 3 shows the increase of absorbance at 3470
cm–1 and at 400 nm versus irradiation time for different polymer/ceramic assemblies. 

The analysis of the curves shows that the photooxidation of PC is not inhibited by
Al2O3 (monolayer of 100 nm). The deposit causes a decrease in the rate of oxidation of
PC. The same tendency is observed for the yellowing (400 nm), but at a lower extent.
These results can be explained according to both photolytic and photooxidative reac-
tions.13–15 The UV-Vis spectrum clearly shows that the layer of Al2O3 cannot protect the
polymer against incident radiation. Consequently, photo-Fries rearrangement of PC,
which does not involve oxygen, is not inhibited by the presence of the Al2O3 deposit.
However, the subsequent oxidative reactions, initiated by photo-Fries products, are inhib-
ited as Al2O3 acts as a barrier to oxygen. In other words, Al2O3 does not prevent the pho-
tolytic process (without intervention of oxygen) but reduces the extent of oxidative reac-
tions as this coating is impermeable to oxygen. 

With a ZnO layer, as explained above, the photolytic process of degradation of PC is
inhibited and the increase of absorbance observed is only due to the photooxidation
process. The degradation rate of PC/ZnO is logically lower than that of PC/Al2O3.

With the aim of giving evidence of the photocatalytic effect, PC was covered by Al2O3
and then by ZnO. In order to observe some degradation after a reasonable duration of
exposure, we limited the thickness of the ZnO and Al2O3 coatings to 50 nm each. To have
acute evidence of the photocatalytic activity of ZnO at the interface with the polymer,
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Figure 2—Increase of the IR absorbance of the band
located at 3470 cm–1 versus the irradiation time for PC
covered with ZnO coatings of different thicknesses.3



another experiment was realized in
which Al2O3 was deposited above ZnO.
The rate of formation of hydroxyl prod-
ucts (3470 cm–1) is also reported in
Figure 3. Analysis of the curves shows
that both bi-layer coatings show a
reduced degradation compared to a 100
nm monolayer of ZnO or Al2O3. The
Al2O3-ZnO (50–50 nm) coating pres-
ents a higher photoprotective efficiency
than ZnO (100 nm) coating. This effect
can be attributed to the suppression by
Al2O3 of the photocatalytic effect of
ZnO, which causes the degradation of PC
at the interface of PC/ZnO. This is con-
firmed by the results obtained with the
PC/ZnO-Al2O3 coating, which have an
interface of PC/ZnO. This system is less
stable than the PC/Al2O3-ZnO coating. 

In conclusion, PC/Al2O3-ZnO coat-
ings present the highest photoprotective
efficiency because this assembly com-
bines the absorption ability of ZnO in
the UV-Vis range with the oxygen barri-
er property of Al2O3 without the photo-
catalytic effect.

With the three layer coating of
Al2O3-ZnO-Al2O3, the photoprotection is again increased. The gain is explained by a
reduction of oxygen diffusion due to the outer layer of Al2O3. Despite the fact that the
improvement is not proportional to the
increase of the coating thickness, the
enhancement of the surface nanome-
chanical properties obtained with the
three-layer coating is significant, as
shown in the next paragraph.

SURFACE MECHANICAL BEHAVIOR:
Nanomechanical experiments have
been carried out at the samples’ surface
before photooxidation and after 200 h
of irradiation.5 We compared surface
mechanical properties of the uncoated
PC to PC covered by 50 nm of ZnO or
by 50 nm of Al2O3 or combinations of
both. 

333

Figure 3—Change in absorbance at (a) 3470 cm–1

and (b) 400 nm of PC coated with single- and
multi-layer coatings of ZnO and Al2O3 of different
thickness.5

Figure 4—Force versus displacement curves of PC,
PC/ZnO (50 nm), PC/Al2O3 (50 nm), and PC/Al2O3-
ZnO-Al2O3 (50-50-50 nm).9



Indentation Tests—For
each sample, load/displace-
ment curves were recorded.
Figure 4 compares the force
versus displacement curves
of PC, PC/ZnO, PC/Al2O3
and PC/Al2O3-ZnO-Al2O3.
The hardening effect of the

films can be directly observed by comparing their indentation responses. It is clearly seen
from the figure that Al2O3-ZnO-Al2O3 multilayer film gives the strongest protection to
the PC substrate (the shallowest normal depth) while the ZnO film offers the weakest one
(the deepest normal depth). No obvious difference was found between the indentation
curves before and after 200 h of irradiation for the coated PC samples.

Scratch Tests: A scratch was performed on the different samples with an increasing
load up to 250 µN. The results given in Table 2 show that the PC/Al2O3-ZnO-Al2O3 sam-
ple displays the smallest coefficient of friction (COF), and uncoated PC the highest. This
classification results from the different hardening effects discussed previously. After irra-
diation, for each coated PC sample, similar values of COF were obtained. It can be then
concluded that after 200 h of irradiation, the chemical processes due to the photodegra-
dation of the polymer do not modify significantly the interactions between the polymer
and the ceramic. At that stage of degradation, the photochemical reactions do not modi-
fy significantly the adhesion between the polymer and Al2O3 or ZnO.

Conclusions

The efficacy of relatively thin ceramic coatings to reduce photodegradation and to
enhance the surface nanomechanical properties of PC was evaluated in light of IR and
UV-Vis spectroscopy results and nanomechanical property measurements obtained with
a surface force apparatus. It is shown that a thin ZnO coating is effective in reducing the
photodegradation rate of PC because of the UV screening effect. However, the efficien-
cy of the thin ZnO coating is limited by the photocatalytic activity at the interface with
the PC substrate. The deposition of a thin Al2O3 layer between the ZnO layer and the PC
substrate increases the resistance to photodegradation by suppressing the photocatalized
degradation of the polymer at the interface. In addition, the Al2O3 and ZnO layers act as
barriers to oxygen and limit the oxidative degradation caused by photo-induced aging. A
higher photooxidation resistance is obtained with the three-layer coating
(Al2O3/ZnO/Al2O3) than with the two-layer coatings (Al2O3/ZnO and ZnOAl2O3)
because of the increase of the impermeability to oxygen with the coating thickness. The
significant improvement of the surface resistance to plastic deformation and the decrease
of the coefficient of friction is another benefit with the three-layer coating. Prolonged
irradiation of PC resulted in the increase of the reduced elastic modulus and hardness in
spite of chain scissions, presumably due to reorganization of the chain molecules under
the simultaneous irradiation and temperature effects, in conjunction with the formation
of new oxidized functionalities associated with hydrogen bonding. The ceramic coatings
not only protected PC from photodegradation but also enhanced the nanomechanical
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Table 2—Coefficient of Friction Obtained with a Normal
Load of 50 µN

Sample COF

PC ........................................................................0.34 ± 0.02
PC/ZnO (50 nm)...................................................0.18 ± 0.03
PC/Al2O3 (50 nm).................................................0.13 ± 0.01
PC/Al2O3-ZnO-Al2O3 (50–50–50 nm)...................0.07 ± 0.03



properties and lowered the coefficient of friction. The three-layer coatings exhibited the
lowest coefficient of friction over the entire load range investigated. In contrast to the PC,
the similar nanomechanical properties obtained before and after extensive irradiation
indicate that photo-chemical reactions at the polymer interface are not detrimental to the
adhesion of the Al2O3 and ZnO layers to the PC substrate. The results of this study
demonstrate that thin ceramic coatings are effective inhibitors of photo-chemical reac-
tions and deformation processes occurring in polymers, which lead to accelerated pho-
todegradation, high friction, and excessive wear. 

PHOTOPROTECTION OF PET AND SUPERFICIAL
PHOTOCATALYTIC ACTIVITY

Experimental

SPECIMENS: PET films (25 μm thick) were supplied by Terphane (Rhône Poulenc).
These polymers do not contain antioxidants. They were ultrasonically cleaned in ethanol
before coating. The deposition of TiO2 and Al2O3 coatings was carried out in an Alcatel
SCM 450 sputtering unit equipped with an r.f. generator operating at 13.56 MHz. Bulk
Ti and Al2O3 targets (purity: 99.9%; diameter: 100 mm) fixed on cooled magnetron-effect
cathodes were used as source materials. The substrates were situated at a distance of 90
mm from the targets. The sputtering chamber was evacuated below a pressure of 10–4 Pa
before admitting the sputtering gas. The TiO2 film sputter deposition took place in a reac-
tive Ar-O2 gas mixture, while Al2O3 deposition took place in a pure argon atmosphere of
1 Pa. The magnetron source was operated at 200 W. 

Surface topography characterization was performed using a JEOL 880 scanning elec-
tron microscope (SEM) and a Nano Scop 3a (Digital Instrument) atomic force micro-
scope (AFM). The structure of the TiO2 thin film was determined by XRD patterns using
a Philips X’PERT PRO diffractometer with Cu Kα radiation.

IRRADIATIONS: Photodegradation of Rhodamine B in aqueous solution was used to
assess the photocatalytic activity of the film. The sample (10 cm2) was immersed into 40
ml of Rhodamine B with a concentration of 10–5 mol.L–1 and placed in a cylindrical glass
reactor. The film was irradiated with a polychromatic fluorescent UV lamp (Philips TDL
8 W 300 mm, wavelength range 315–450 nm) at a distance of 10 cm directly above the
film. The photocatalytic decomposition of Rhodamine B was monitored by the decrease
of the absorbance at wavelength of 550 nm by a UV-Visible spectrometer (Jenway 6400). 

Results and Discussion

PHOTOCATALYTIC ACTIVITY:
Films Deposition and TiO2 Film Characteristics—The typical deposition conditions

are summarized in Table 3.
The crystalline phase and crystallite size of thin film obtained were analyzed by X-ray

diffraction. The film presented lines characteristic of the anatase phase. No characteristic
peak of titanium was observed. The crystalline size, calculated using the Scherrer equa-
tion, was determined to be close to 15 nm.
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Surface Morphologies and Roughness—The surface morphologies and roughness of
thin TiO2 films were obtained by AFM. The sample had a large specific surface area
because of the sharp crystallites and furrows. The sample roughness was 15 nm.

The SEM image of the sputtered TiO2 thin film indicated that the film was composed
of TiO2 particles with diameters of 50–200 nm and furrows. 

Figure 5 shows AFM two- and three-dimensional images of the sputtered TiO2 thin
film. It can be seen that the film has a granular microstructure and is composed of TiO2
particles of about 120 nm diameter. In addition to particle diameter, AFM image analy-
sis also gives the value of surface roughness. The mean value of the surface height Ra
and the root-mean-square (RMS) average roughness profile of the surface height, within
the given area RMS, respectively 6.6 nm and 8.2 nm, indicate that the surface is not
smooth. Roughness causes a large specific surface area of the thin film, which increases
the photocatalytic efficiency.

PHOTOCATALYTIC ACTIVITY MEASUREMENT: Figure 6 illustrates the degradation of
Rhodamine B dye solution in the presence of TiO2 thin film. Co and Ct are the initial con-
centrations and the reaction concentrations of Rhodamine B, respectively. Obviously,
Rhodamine B can not be degraded by long wavelengths of irradiation alone. However,
when the sample is added to the dye solution irradiated with UV light, the Rhodamine B
concentration starts to decrease. The UV radiation duration was fixed at 6 h. No change
in the concentration of the dye solution was observed in the absence of the photocatalyst,
confirming the high resistance of Rhodamine B to direct photodegradation.19

After 6 h exposure, TiO2 thin film has degraded 50% of the dye. TiO2 photocatalytic
activity lies in its specific surface area. Larger TiO2 specific area implies greater photo-
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Table 3—Thin Films Operating Conditions

Target Pressure (Pa) Power (W.cm–2) Plasma Composition

Ti...................................1 2.5 Ar (88%)-O2 (12%)
Al2O3 .............................1 2.5 Ar

Figure 5—AFM two- and three-dimensional images of the sputtered TiO2
thin film.6
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catalytic activity while
maintaining constant sam-
ple size. Thus, this degra-
dation agrees with AFM
morphology studies of
specific surface area.

P E T / C E R A M I C

P H O T O O X I D A T I O N

RESISTANCE: Because the
light absorption by PET
extends up to 330 nm, this
polymer is directly acces-
sible to UV-light present in
terrestrial solar radiation.
The resulting photodegra-
dation at λ > 300 nm results in significant changes in the UV-Vis and infrared spectra. In
the hydroxyl absorption region of the infrared spectra (3800-3000 cm–1), an increase of
the absorbance occurs with the exposure time and was attributed to the formation of alco-
hols, acids, and hydroperoxides.20-22

The degradation rate is characterized by the increase of the absorbance in the hydrox-
yl region. The irradiation time effect on the absorbance in the hydroxyl region of speci-
mens is illustrated in Figure 7.

The absorbance curves of single-layer coatings shown in Figure 7 indicate that the
Al2O3 coating was much less effective in preventing photodegradation than the TiO2
coating. The initial photooxidation rate for the 100-nm thick Al2O3 coating is similar to
that of the uncoated PET. For irradiation time less than 250 h, the rate of formation of
hydroxyl products is not sig-
nificantly affected by the pres-
ence of the Al2O3 coating.
However, a decrease in the
oxidation rate of PET was
obtained after longer expo-
sure. This result can be attrib-
uted to both photolytic and
photooxidative reactions. This
finding may be explained if
one considers the complex
mechanism of PET pho-
todegradation in which pre-
ponderant photolytic process-
es and minor photooxidative
reactions interfere.21,22 The
UV-Vis spectrum of the Al2O3
coating shown in Figure 1

Figure 6—Photodegradation of Rhodamine B dye solution,
(a) without TiO2 ; (b) in presence of TiO2 .

Figure 7—Change in absorbance in the hydroxyl region of PET
uncoated, coated with single- (A100, T500, T1100), and multi-
layer coatings of TiO2 and Al2O3 of different thicknesses.
(Samples 1,2,3,4).6



indicates that this material cannot pro-
tect the polymer against incident radia-
tion. Consequently, the Al2O3 layer did
not inhibit photolytic reactions, which
do not depend on the presence of oxy-
gen. The subsequent oxidative reactions,
however, initiated by photolytic prod-
ucts were inhibited because Al2O3 is a
barrier to oxygen diffusion. Therefore,

while Al2O3 does not suppress the photolytic process, it is effective in reducing the extent
of oxidative reactions because of its impermeability to oxygen.

To explore other means of enhancing further the photooxidation resistance of PET, the
feasibility of bi-layer coating on PET was tested. PET/Al2O3/TiO2 samples were success-
fully obtained with different thicknesses of coatings as reported in Table 4.

IR spectra were obtained from samples of PET with two-layer Al2O3/TiO2 coatings,
and the corresponding absorbance changes in the hydroxyl region were contrasted with
those of the single-layer coatings. The two-layer coatings exhibit lower degradation rates
than the single-layer coatings. This can be attributed to the added Al2O3 layer that pre-
vents the photocatalytic effect, which is partly responsible for the degradation of PET at
the interface with the TiO2 layer. Hence, the Al2O3/TiO2 coating provides greater protec-
tion against photodegradation because it combines the absorption characteristics of TiO2
in the UV-Vis range and the impermeability of Al2O3 to oxygen without inducing a pho-
tocatalytic effect at the PET interface. As the photodegradation rates of samples 1–4 are
observed to be roughly equivalent, it can be concluded that a layer of 60 nm of Al2O3 is
sufficient to suppress the photocatalytic activity of TiO2 at the interface with the polymer.

Conclusions

Reactive rf magnetron sputtering using a titanium target in an argon-oxygen mixture
is reported to be a very valuable process to deposit crystalline anatase on a low heat tol-
erance substrate such as polymer. This coating was used to photodegrade Rhodamine B
in water solution under polychromatic light, assessing, therefore, the good photocatalyt-
ic activity of the coating. 

The efficacy of relatively thin ceramic coatings to reduce photodegradation of PET
was evaluated in light of IR spectroscopy results. It was shown that a thin TiO2 coating
is effective in reducing the photodegradation rate of PET because of the UV screening
effect. However, the efficiency of the thin TiO2 coating is limited by the photocatalytic
activity at the interface with the PET substrate. The deposition of a thin Al2O3 layer
between the TiO2 layer and the PET substrate increases the resistance to photodegrada-
tion by suppressing the photocatalyzed degradation of the polymer at the interface. In
addition, the Al2O3 layer acts as a barrier to oxygen diffusion and limits the degradation
caused by photooxidative aging. 

The combination of these two sets of experiments allows production of photostable
and transparent polymer/ceramic layered media with superficial photocatalytic activity.
These layered media can be used in outdoor exposure without alteration of their superfi-
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Table 4—Thickness (nm) of Al2O3 and TiO2
Deposited on PET

Sample Al2O3 TiO2

s1 ..........................60 1150
s2 .........................114 550
s3 .........................114 1100
s4 .........................500 1200
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cial aspect due to their self-cleaning properties. This work could also be an excellent
opportunity to protect steels against corrosion.

ORGANIC-INORGANIC HYBRID FOR PC 

Experimental

MATERIALS: α,ω-hydroxy-terminated poly(ethylene oxide) (PEO, purchased from
Fluka and with a number average molecular weight of 600 g.mol–1), 3-isocyanatopropy-
ltriethoxysilane (ICPTES, Fluka), tetraethoxysilane (TEOS, Aldrich), hydrochloric acid
at 37% concentration (Carlo Erba), and ethanol (EtOH, Carlo Erba) were high purity
reagents and were used without further purification.

Preparation of a,ω-triethoxysilane terminated poly(ethylene oxide)—α,ω-triethoxysi-
lane terminated polymer chains (PEOSi) were prepared by bulk reaction of α,ω-hydroxy-
terminated polymers with ICPTES (molar ratio of 1:2). The reaction was usually carried
out in a 50 ml glass flask equipped with a calcium chloride trap and under magnetic stir-
ring, at 120°C, for 3 h as already reported in a previous paper.23 The molecular structure
of the final product can be schematically represented as follows: (EtO)3Si-PEO-
Si(OEt)3.

Preparation of organic-inorganic hybrids—Mixtures of TEOS and α,ω-triethoxysi-
lane terminated polymer were dissolved in EtOH at a concentration of about 10% wt/vol,
then water (for the hydrolysis reaction) and hydrochloric acid (as catalyst) were added at
the following molar ratios with respect to ethoxide groups of the functionalized polymer
and TEOS: EtO-:H2O:HCl=1:1:0.05.

A typical preparation for PEOSi/TEOS hybrids was as follows: PEOSi (1.20 g) and
TEOS (0.80 g) were added to 20 ml of EtOH in a screw-thread glass vial and mixed until
a homogeneous solution was obtained. Then water and HCl (37% wt solution) were
added under vigorous stirring at room temperature for about 10 min. The closed vial was
placed in air circulating oven at a temperature of 70°C for 30 min in order to allow only
a partial progress of the sol-gel reaction. The clear solution was then cast into a closed
polytetrafluoroethylene dish and the solvent was slowly evaporated at room temperature
for about one week to get self-consistent samples for further analysis. Alternatively, the
solution was deposited onto clean PC films by spin-coating—obtaining a typical coating
thickness of about 0.3–0.4 μm. 

Hybrid materials based on PEO were characterized by a final organic/inorganic
weight ratio of 7/3 and 3/7, assuming the completion of the sol-gel reactions (see follow-
ing scheme). 

Organic/Inorganic 
Coating Ratio (wt/wt) Coating Thickness (µm)

PEOSi/SiO2 7/3 7/3 0.3–0.4
PEOSi/SiO2 3/7 3/7 0.3–0.4

Hydrolysis reactions:
Si(OEt)4 + x H2O Si(OEt)4–x(OH)x + x EtOH
(EtO)3Si-PEO-Si(OEt)3 + (y+z) H2O (EtO)3–y(HO)ySi-PEO-Si(OEt)3–z(OH)z + (y+z)
EtOH



Condensation reactions:
–Si–OH + EtO–Si- -Si–O–Si– + EtOH 
–Si–OH + HO–Si- -Si–O–Si– + H2O

Curing Treatments—Partially cured PEO-based hybrids were subjected to different
post-curing treatments: 

• Conventional heating in an air circulating oven (WTB Binder) at 80°C for a time
ranging from 20 to 60 min; 

• Microwave irradiation by using an Alter TE10n Applicator (single-mode 2.45
GHz, 350 W) at irradiation times ranging from 3 to 15 s.

Scratch Tests—Scratch tests were carried out on a CSM Micro-Combi Tester by using
a Rockwell C diamond scratch indenter (R = 0.2 mm) and progressively increasing the
load from 100 mN to 2000 mN at a load rate of 494 mN·min–1 and for a scratch length
of 1 mm.

Results

To evaluate the enhancement in the scratch resistance of PC slabs when coated with
PEOSi/SiO2 hybrids, opportune samples were prepared in a further part of the work;
hybrid solutions in ethanol were deposited by spin-coating onto PC slabs and the systems
were subjected to the above discussed post-curing treatments.7

Scratch tests were carried out by performing a scratch with a progressively increasing
load of 100 mN to 2000 mN for a final scratch length of 1 mm. As expected, all the sam-
ples showed a progressive increase of penetration depth (PD) due to the increasingly
applied load. The results of scratch tests for all samples are reported in Table 5, in which
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Table 5—Scratch Test: Final Penetration Depth (Scratch Length = 1 mm) of Uncoated
PC and PC Coated with Different Hybrids Subjected to Different Post-Curing Treatments

Post-Curing Treatment Final Penetration 
Coating Type Time (s) Depth (nm)

None – – 30.5
PEOSi/SiO2 7/3 None – 31.1

Microwave 3 25.5
5 24.9
10 24.9
15 24.9

Oven (T=80°C) 1200 27.9
2400 28.2
3600 28.5

PEOSi/SiO2 3/7 None – 29.8
Microwave 3 23.1

5 23.3
10 23.8
15 23.3

Oven (T=80°C) 1200 23.5
2400 23.2
3600 23.6
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final PD values (i.e., at a scratch
length of 1 mm) of PC uncoated and
coated with different hybrids and sub-
jected to different post-curing treat-
ments (type and time) are reported.

The final PD values were lower
when hybrids coated onto PC were
post-cured by oven heating or by
microwave irradiation. These data
indicate that organic-inorganic
hybrids are effective coatings for the
protection and the improvement of
the scratch resistance of polymeric
substrates such as PC. In order to
obtain the desired protective effect, a
post-curing step is necessary to
improve the degree of the sol-gel
reaction and obtain a high crosslink-
ing density of the hybrid coating, and
hence a harder surface. Both oven
heating and microwave irradiation
were effective post-curing methods and the scratch resistance (in terms of final penetra-
tion depth) was almost independent of the type and the duration of the treatment. 

On the other hand, the hybrid composition (organic-inorganic final ratio) seems to
have only a slight effect on the scratch resistance; in fact, substrates coated with post-
cured hybrids having a higher inorganic content (PEOSi/SiO2 3/7) showed an average
value of final PD (independently of the time of treatment) of 23.4 nm for both oven heat-
ing and microwave irradiation while post-cured samples based on PEOSi/SiO2 7/3
hybrids showed an average value of 25.0 nm (microwave irradiation) and of 28.2 nm
(oven heating), respectively. For these samples a harder surface was obtained through the
MW irradiation curing treatment, and this result is a further factor supporting the effec-
tiveness of this method versus the traditional thermal one.

These considerations were further supported by the optical micrographs of the
scratches present on the surface after the test. Some examples are reported in Figure 8
from which the higher scratch resistance related to coatings with the higher inorganic
content is well evident. From Figure 8b, it is clearly evident that no detachment of the
silica-rich coating from the substrate occurred in the region around the scratch profile,
which indicates a hard, resistant, and effective surface coating.

As expected, scratch resistance tends to improve by increasing the inorganic phase
content. However, the differences between coatings with markedly different organic-
inorganic content were not so great and this behavior could be attributed to a preferential
surface segregation of silica domains independently on the bulk composition, a phenom-
enon already observed, reported, and discussed for this type of materials.24

Figure 8—Optical micrographs of scratches performed
on PC coated with PEOSi/SiO2 7/3 (a) and
PEOSi/SiO2 3/7 (b) hybrids, post-cured by 5 s
microwave irradiation.
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Conclusions

Poly(ethylene oxide)/silica hybrids to be applied onto PC substrates were easily pre-
pared by the sol-gel process. In order to increase the degree of reaction and thus to
crosslink the thermoset system, different post-curing treatments were carried out by con-
ventional oven heating and microwave irradiation. Both post-curing treatments were effi-
cient enough to almost complete the sol-gel reaction. 

Scratch tests carried out on PC substrates coated with poly(ethylene oxide)/silica
hybrids evidenced a significant increase of scratch resistance with respect to uncoated
PC. Post-curing treatment (both microwave irradiation and oven heating) was absolutely
necessary to achieve a sufficiently high conversion degree of the sol-gel reaction
(crosslinking degree), and thus the desired anti-scratch effect of the coating. The main
objective of the upcoming experiments is to focus on the screen effect of the coatings in
order to limit the UV radiations at the surface of the polymer. 

CONCLUSION

Research carried out in the last five years in the field of ceramic coatings has consid-
erably enhanced the photoprotection and surface properties of polymers. On one hand, it
has been shown that layered ceramic coatings provide photostability and improve the
nanomechanical and tribological properties of coated polymers. On the other hand, get-
ting photostable and transparent polymer/ceramic layered media with superficial self-
cleaning property is also feasible. The improvement of the photocatalytic activity of the
ceramic layer is closely linked to is specific surface. The use of Anodic Aluminum Oxide
Templates (AAO), within Al2O3 barrier layer characterized by a well ordered hexagonal
array of pores with scalable size, could both significantly increase the specific surface
and efficiently minimize photocatalytic oxidation of the polymer. AAO pattern process is
relatively simple and cheap.

Organic-inorganic hybrid coatings prepared by the sol-gel process could be an inter-
esting alternative having many advantages: mild conditions, low costs, no geometrical
forms requirements. These coatings were shown to significantly improve the scratch
resistance of coated polymers. The main objective of the upcoming experiments is to
focus on the screen effect of these coatings by developing proper formulations using
organic and mineral UV absorbers. 
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INTRODUCTION

The conventional approach to the assessment of ultraviolet (UV) photodegradation of
a polymer is to expose it for a series of different times, then conduct one or more char-
acterization procedures to determine the effect of photo-exposure.1,2 The motive is usu-
ally to determine the weatherability of the polymer. Exposure can be conducted outdoors,
preferably in a region with high UV levels, or in the laboratory, using light sources with
UV outputs designed to emulate solar radiation. Some artificial UV sources have a spec-
tral distribution biased towards lower wavelengths—to accelerate degradation—but
with the probable disadvantage that the higher energy radiation may provoke chemical
degradation mechanisms that are not found under natural conditions. For polymers
intended for engineering applications, the characterization may involve mechanical test-
ing such as a tensile test or an impact test to determine the onset of embrittlement,
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Methods used to assess the extent of polymer photodegradation after exposure
to ultraviolet irradiation (UV) are reviewed and compared. Characterization
methods reviewed include Fourier transform infrared analysis (FTIR), differen-
tial scanning calorimetry (DSC), X-ray diffraction (XRD), gel permeation
chromatography (GPC), residual stress analysis, and mechanical testing.
Emphasis is placed on techniques used in the author’s laboratory, especially
methods that help to link chemical degradation with engineering failure. The
use of FTIR to monitor carbon dioxide emission dynamically while the polymer
is under UV exposure is also described: this method gives a very rapid assess-
ment of the photosensitivity of the polymer and of the effectiveness of photo-
stabilizing (or photo-catalytic) additives. Results are compared with those
given by FTIR measurements of carbonyl group development during UV expo-
sure. Computer analysis of molecular weight distributions (MWDs) made by
GPC to measure scission and crosslinking rates is discussed. Crystallinity
measurements made by DSC and XRD are compared. The use of DSC re-heat-
ing runs to investigate the type of molecular damage caused by UV exposure is
discussed briefly. Measurement of residual stresses and their relationship with
mechanical test failures is discussed.



whereby a normally tough polymer fails in a brittle, catastrophic manner when a mechan-
ical load is applied. 

Some characterization procedures may attempt to track chemical changes such as the
build-up of carbonyl groups that are a consequence of photooxidation. FTIR can be used
to perform this fairly routinely, but interpretation is not always totally straightforward
since carbonyl groups are both formed and destroyed by photooxidation reactions. These
methods are often adapted for “depth profiling,” in which measurements are made at var-
ious depths from the exposed surface.3-6 In a thick sample (typically > 1 mm in depth),
chemical degradation usually declines with distance from the exposed surface because of
attenuation of UV intensity and diminished availability of oxygen.

Other characterization methods are used to determine changes in the structure and
morphology of the exposed polymer and the information is used to help to explain the
observed changes in engineering properties. For example, the crystallinity of a semi-crys-
talline polymer is an important characteristic that influences stiffness, strength, and
toughness. Crystallinity can be measured by XRD or DSC7-9; the sampling procedure for
the two methods is usually different, leading to small disagreements between the meas-
urements made by the two methods. Both methods are based on an over-simplified, two-
phase crystal-amorphous model that may lead to further discrepancies. Further insight
into the changes that take place during photodegradation can be obtained by MWD analy-
sis (using GPC): the small molecule fragments generated by chain scission events
become available for secondary crystallization and lead to increases in crystallinity. As
with the carbonyl group analyses, the MWD and crystallinity measurements are often
made at several distances from the exposed surface to build up a comprehensive picture
of the changes that occur during UV exposure.7,8,10-13 The changes in MWD during expo-
sure can be used to estimate scission and crosslinking rates.

Changes in crystallinity may lead to changes in the residual stress distribution in the
exposed polymer artefact. Secondary crystallization occurs predominantly near the
exposed surface, causing shrinkage and, consequently, development of tensile stresses.
Equivalent densifying effects occur in non-crystalline polymers. The tensile stresses can
promote fracture and contribute to the decline of engineering properties. Therefore, it is
appropriate to monitor residual stresses during photodegradation. 

In the sections that follow, selected
methods are discussed that monitor reac-
tion products during photodegradation
changes to the polymer at the molecular
level, morphological changes, and
changes in engineering properties includ-
ing residual stresses and tensile failure. 

DYNAMIC CO2 MONITORING 

Many of the techniques used to moni-
tor polymer photodegradation require
exposure times of the order of several
days to several weeks in order to observe
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Figure 1—Cell for in-situ CO2 measurement. In a
later version of the cell, the sample is relocated to
be positioned adjacent to the window that admits
the UV illumination.14-16



significant changes with most polymers. The technique described here is capable of
yielding meaningful results in tests lasting of the order of three hours and can be used
to determine the relative sensitivity of different polymers to photodegradation or to
compare the effect of different additives on the susceptibility of a polymer to pho-
todegradation. It is based on monitoring carbon dioxide evolved from the sample when
exposed to UV.

Design of In-Situ CO2 Monitoring Equipment 

The method evolved from experiments to monitor paint photodegradation.14 At the
heart of the equipment is a cell in which the sample is mounted and exposed to UV pro-
vided by a 150 W xenon tube via a flexible light guide and a calcium fluoride window15,16

(Figure 1). The cell sits in a FTIR instru-
ment and the interrogating IR beam passes
through the cell parallel to the sample sur-
face (and perpendicular to the UV illumina-
tion). The IR beam passes into and out of the
cell via calcium fluoride windows and the
absorption of the gaseous reaction products
emitted from the sample is measured. The
cell has ports to admit the chosen gas phase
in which the reaction is to take place, and
the cell is flushed for at least an hour before
the reaction run commences. At the com-
mencement of the run the ports are closed
and no gas is admitted from outside of the
cell. The gas phase is monitored for an hour
to check that it is stable, then the UV source
is switched on. A water filter removes IR, to
minimize sample heating, and in most tests
conducted to date, solar filters type AM 0
and AM 1.5 (Oriel) were used alone or
together, to remove UV irradiation below
the terrestrial solar radiation cut off (~290
nm wavelength) and to alter the spectral
distribution within the UV range. The
progress of photodegradation is followed
by monitoring the build up of carbon diox-
ide within the cell using the IR band cen-
tred at 2360 cm–1.

Spectra are normally recorded for a fur-
ther three hours with the lamp switched on—
then the lamp is switched off and spectra
recorded for an additional hour with no irra-
diation falling on the sample. With some
polymers, CO2 emission stops almost as soon
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Figure 2a—Typical in-situ CO2 runs with a
polyolefin (LDPE). Results are given for an
unpigmented grade (U1) and pigmented grades
of the same polymer containing TiO2 in the
form of anatase (A2) or rutile (R3). These data
were obtained using only an AM0 filter, which
probably accounts for the differences in meas-
urements compared with those obtained by
Jin15 using a combination of AM0 + AM1.5 fil-
ters. These data courtesy of S. Fernando. 

Figure 2b—Carbonyl absorbances for the same
polymer compositions as used for Figure 2a.
Results are shown for duplicate samples. These
data courtesy of S. Fernando.



as the UV is switched off, but for others there is continued emission, presumably the
result of continuing oxidation promoted by the radicals that had accumulated during
photodegradation. 

Example Results

A typical example of the application of this equipment is given in Figure 2, which
shows runs with a low density polyethylene (LDPE) in unpigmented form and pig-
mented with TiO2 in the form of anatase or rutile. Duplicate runs show good repro-
ducibility. With the LDPE samples used in the investigation from which Figure 2a is
taken, CO2 emission ceased almost as soon as the UV was switched off. In similar
experiments with a family of poly(vinyl chloride) (PVC), samples it was observed that
CO2 emission continued for an extended period after the UV was switched off.16

Carbonyl group absorbances measured on similar LDPE samples exposed to Q-Panel
UVA-340 tubes, for which the spectral output is similar to solar radiation in the UV
range,17 are given in Figure 2b. Similar ranking is shown: the partitioning of the differ-
ent data sets developed over much longer times than was required using the CO2
method.

MOLECULAR WEIGHT DISTRIBUTION (MWD)

The molecular weight of a polymer is often determined using gel permeation chro-
matography. It is based on measurements of the time taken for the molecules to pass
through a column containing a porous gel. This depends on the mass of the molecules
(and, to a lesser extent, on their shape). The sample is dissolved in a suitable solvent and
allowed to pass through the column; elevated temperature is often required. The time-
molecular size relationship for the column is calibrated and the mass passing through in
a particular interval of time is determined by measuring the viscosity or the optical
absorption of the eluted solution. By making continuous measurements, the data can be
converted into a molecular weight distribution (MWD). It is common to use the data to
generate molecular weight averages (number average, Mn, or weight average, Mw) but
the MWD contains more information. When a polymer is photodegraded it is very com-
mon to find that the molecular weight averages are reduced. This is deduced to be the
result of chain scission, a common consequence of photooxidation. With many polymers,
crosslinking is a competing process. If crosslinking dominates, the molecular weight
averages would rise, but in most reported studies (on polyoelfins, polystyrene, polycar-
bonate, etc.) chain scission dominates and the molecular weight averages fall. The whole
of the MWD often shifts towards lower molecular weights, sometimes with little change
in the shape of the distribution. However, in polymers that have a tendency to crosslink,
a high molecular weight tail sometimes develops and indicates that some molecules are
larger than those in the original population, prior to the photodegradation.17,18 Although
the shape of the molecule may influence the elution time through the column, this is con-
sidered to be a secondary effect and that the information relates to molecule size.

When both scission and crosslinking occur, the molecular weight averages no longer
reflect properly the extent of degradation that has occurred because scission causes a
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decrease in the averages and crosslinking causes an increase. Shyichuk has developed a
method of analyzing MWDs to determine the macromolecule scission and crosslinking
concentrations.19 It involves comparing experimental MWDs with MWDs generated
using Monte Carlo computer-aided modification of the starting MWD, assuming scission
and crosslinking are both random events (Molecular Weight Distribution Computer
Analysis: MWDCA). This procedure has been used to examine the nature of photodegra-
dation in polystyrene and several polyolefins,11,20,21 and the effect of the inclusion of sta-
bilizer and/of pigment.22 The remark concerning the effect on molecule shape at the end
of the previous paragraph is of relevance, and the MWDCA results are limited by any
error that is introduced into the MWD through the shape effect, if present. Furthermore,
if preferential reaction sites are present, the assumption that the scission and crosslink
events occur at random will no longer apply. It is possible that the Monte Carlo analysis
could be modified to take account of this
but in the studies conducted to date it has
not been considered necessary to do this. 

An example of the application of
MWDCA is given in Figure 3, in which
data are shown for samples taken at differ-
ent depths from the exposed surface of 3
mm thick bars of a low densilty polyethyl-
ene (LDPE) and a polypropylene
homopolymer (PPHO) after three and six
weeks UV exposure, respectively. The scis-
sion concentration in LDPE is greatest near
the exposed surface and falls in the interior
of the bars, due mainly to limited oxygen
availability (Figure 3a). After six weeks
exposure, the scission concentration was
fairly close to double that of three weeks at
all depths examined. PPHO showed a
much lower scission concentration than
LDPE after three weeks exposure but, after
six weeks, the scission concentration near
the exposed surface was much higher than
in LDPE. It is evident that in PPHO there
was either an incubation time effect or
auto-acceleration (or both) in the near-sur-
face region. Near the center of the PPHO
bar (at a depth of 1.5 mm), the scission
concentration after six weeks exposure was
still low, probably because of oxygen star-
vation, which will be particularly acute
when reactions are proceeding more rapid-
ly, consuming oxygen diffusing in from
the surface before it can get very far. The

349

Figure 3a—Scission concentrations at different
depths from the exposed surface of bars made
from low density polyethylene (LDPE) and a
polypropylene homopolymer (PPHO) after
three and six weeks of UV exposure.11

Figure 3b—Crosslink concentrations at different
depths from the exposed surface of bars made
from low density polyethylene (LDPE) and a
polypropylene homopolymer (PPHO) after three
and six weeks of UV exposure.11



development of the crosslinking concentration in the two polymers was fairly similar to
that of scission (Figure 3b) but close inspection of Figures 3a and b indicates that the
scission/crosslink ratio was much higher for PPHO than for LDPE (see also reference
11), which is consistent with the general experience that polyethylene tends to crosslink
more readily than polypropylene. 

CRYSTALLINITY MEASUREMENT

Most semi-crystalline polymers normally have a lamellar structure in which thin rib-
bon-like crystals are constructed from molecule segments in the manner shown in Figure
4. The molecules fold at the surface (often called the “fold surface”) but do not necessar-
ily re-enter at the adjacent site. Molecules pass through the crystal phase and the sur-
rounding amorphous phase, providing strong adhesion between the two phases. Long-
range mechanical integrity is provided by “tie molecules” that enter more than one of the
crystal lamellae, connecting them across the intervening amorphous material, and by
molecular entanglements within the amorphous phase. The crystalline and amorphous
phases have very different properties and the mechanical properties depend strongly on
the fraction of material in each phase. Thus, it is of importance to have methods to meas-
ure the (fractional) crystallinity. This can be done using XRD or DSC. 

XRD Crystallinity Measurement

X-ray crystallinity is normally measured using a diffractometer. The scattered X-rays
give strong peaks in directions that obey Bragg’s law, but in all other directions there is
destructive interference. The amorphous phase scatters X-rays into all directions and the
crystalline and amorphous diffraction components are normally separated relatively eas-
ily. The X-ray intensities in the crystalline and amorphous parts of the scattering enve-
lope are in proportion to the mass fraction of the respective phases. There are geometric
factors to be applied (Lorentz factor, etc.9).

DSC Crystallinity Measurement

The DSC crystallinity is obtained from the crystal melting endotherm obtained during
a DSC heating run. In order to estimate the fraction of material that was in crystal form
prior to melting, it is necessary to know the melting enthalpy for a fully crystalline sam-
ple. Since very few polymers can be obtained in the form of defect-free crystals with no
amorphous phase, this quantity cannot be measured directly and the value deduced from
measurements made on semi-crystalline samples is a source of error. It is noted that if the
sample was cooled very rapidly when crystallized from the melt state (e.g., material in
the skin of an injection molding, frozen by contact with the cold mold wall), there may
be some crystallization during the DSC heating run just prior to reaching the crystal melt-
ing temperature, as molecules become mobilized at the elevated temperature. This is
another potential source of error in the measured values that are meant to represent crys-
tallinity in the state of the material prior to running the DSC test. 
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Comparison of XRD and DSC Crystallinity Measurements

Both XRD and DSC crystallinity measurements assume simple two-phase morpholo-
gy. Inspection of Figure 4 reveals that this is only an approximation. At the fold surface
the molecule segments entering the amorphous phase are constrained to be nearly paral-
lel to one another in the immediate vicinity of the crystal. Therefore, the material imme-
diately adjacent to the crystal surface will have a structure that is intermediate between
that in the fully ordered crystal and the random chain structure associated with the amor-
phous phase—it is sometimes referred to as the “inter-phase.” It is expected that there
will be some contribution from this material to the crystalline diffraction peaks, produc-
ing some broadening but distinct from the amorphous scattering. Similarly, the inter-
phase material will have some influence on the melting of the crystal and will have a sec-
ondary effect on the size of the melting endotherm. It is not expected that the contribu-
tions of the inter-phase to the respective crystallinity measurements will be the same for
the two techniques, and it is reasonable to accept values that are not equal. A further dif-
ference between the two methods concerns molecule segments freed from entanglements
by photo-initiated chain scission. They may require elevated temperature to become suf-
ficiently mobilized to display secondary crystallization; they may therefore provide
enhancement of the crystal signal obtained in DSC but not in XRD. 

Sampling

For X-ray diffractometer studies, a flat surface is required. This can be obtained con-
veniently by milling or microtoming away material to expose material at a chosen depth.
The X-ray signal will then come from material close to this surface, with depth limited
by the X-ray absorption characteristics of the material. Milling should be done using a
single point cutter with fly cutting action at high speed. Using an end mill or a side-and-
face cutter should be avoided because the severity of the cutting action results in heat
generation and the closeness of the tool to the work prevents the escape of heat, and, thus,
unacceptable temperature rise occurs. This may cause morphological change.

For DSC studies, the material ideally should be fairly finely divided. Thin slivers can
be taken from the surface using a micro-
tome. Alternatively, the material removed
by the same high speed milling procedure
described above for preparing a surface for
X-ray diffractometer study is suitable for
DSC measurement. In the studies conduct-
ed in the author’s laboratory, the depth of
cut is normally 0.1 mm. When the original
sample is a standard tensile test bar, this
generates sufficient material for DSC
measurement (and also for GPC measure-
ment). For bars in which there is a steep
depth profile, this sampling interval is larg-
er than ideal. It is a compromise between
the conflicting needs of a small measure-
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Figure 4—Schematic section of a lamellar crys-
tal. Broken lines represent molecules that reside
entirely in amorphous phase.



ment interval and of having sufficient material for reasonably accurate measurement.
Thus, the DSC crystallinity measurement represents an average over a depth of 0.1 mm.
This contrasts with the XRD measurement that comes from a much narrower depth at the
exposed surface. 

Results

Example results are shown in Figure 5 from a study that used both XRD and DSC
measurements on injection molded bars made from a polypropylene copolymer and
exposed to UV for different times. Crystallinity measurements by both techniques
increased with UV exposure, indicating that secondary crystallization occurred. It is
expected that both crystallinity measurements will level off after long exposure times
because of the exhaustion of suitable molecule segments for secondary crystallization.
Contributions to crystallinity caused by secondary crystallization will diminish at higher
exposures because the molecule segments progressively acquire molecular defects that
inhibit secondary crystallization.23 This will not affect XRD measurements and could
explain why the XRD crystallinities in Figure 5 increase slightly more than those
obtained using DSC. More insight into the relative importance of chain scission and the
development of molecular defects on the molecules can be obtained by making a second
heating run in the DSC.23 The first heating run provides information on the molded state,
as modified by photo-exposure. After melting during the first heating run, the molecules
are then crystallized in the DSC equipment under strictly controlled cooling conditions.
The second heating run provides information relating to the modified molecules, free
from any memory of the original molding operation.

RESIDUAL STRESS ANALYSIS

When polymer moldings cool, residual stresses form when the melt solidifies because
differential cooling rates are present, the result of the low thermal conductivity of the
material.24,25 When the surface of the bar drops to below the crystal melting temperature
(semi-crystalline polymers) or the glass transition temperature (amorphous polymers), a
solid layer forms; the interior is at a higher temperature and liquid-like. As the interior
cools and solidifies progressively, it shrinks but the shrinkage is opposed by the solidi-
fied outer zone, causing it to go into a state of compression, while tensile stress develops
in the interior zones. In the case of a straight bar, the stress distribution can be conve-
niently measured using the “layer removal procedure” developed by Treuting and Read
for metal parts26 and later exploited with polymers by Broutman27 and others, as
reviewed elsewhere.24,25 Thin layers are removed from one surface, causing an imbalance
in the stress distribution that is relieved by the bar bending to restore moment equilibri-
um. By measuring the curvature of the bar after each layer removal, the original stress
distribution can be derived if the Young’s modulus of the material is known.24–27 The
analysis is quite straightforward if the Young’s modulus is uniform but more complex if
it varies through the depth of the bar, as sometimes happens in moldings that have a pen-
etrant (such as water) that is not uniformly distributed through the depth.28,29 The
Treuting and Read method26 can be used when bi-axial stresses are present, though this
has rarely been exploited in studies of polymers. Examples in which the full bi-axial

352



analysis has been applied are given in refer-
ences 24 and 30.

Residual stresses cause a molding to dis-
tort and may influence the fracture behavior
(sometimes beneficially). Much of the
research on residual stresses in polymers
has been directed at controlling them at the
point of processing but this may not always
be of critical importance because residual
stresses in a molded polymer bar often
decay significantly upon ageing at room
temperature.30-32 The use of an elevated
temperature increased the changes
observed30 and applying a temperature gra-
dient caused the stresses to become imbal-
anced and distortion developed.33 Exposure
of one surface of a (nylon) molding to
water caused distortion.34 Changes is stress
can be caused by (1) swelling; (2) stress
relaxation, which may be accelerated by
the plasticizing effect of the absorbed
water; or (3) secondary crystallization, also
facilitated by enhanced mobility of molecule segments due to the plasticizing effect of
water. Changes in Young’s modulus occur when water is taken up and also affect the dis-
tortion34,35; this must be taken into account when measuring the residual stresses.28,29

The residual stress distributions in polymer bars exposed outdoors in a very hot cli-
mate have been observed to change very markedly. Several examples have been observed
in which the stress near the surface has reversed, becoming tensile.36,37 This is particular-
ly important because it means that tensile stresses are now located in a region that has
become weakened by the molecular degradation that has taken place and is also where
there is the greatest chance of finding a flaw (e.g., caused by contact with a foreign body).
The presence of residual stresses in this vulnerable region may cause spontaneous fail-
ure, without the intervention of external loading. Outdoor exposures are usually applied
to one surface so that a temperature gradient is likely to develop during sunny periods
and this may cause development of residual stresses, as found in the laboratory tests.33 In
other laboratory experiments it has been established that residual stresses and distortion
develop when moldings are exposed to UV even when no temperature gradient is pres-
ent,38,39 and it is clear that the temperature gradient effect is not the sole contributor to the
observed changes. In semi-crystalline polymers it is believed that the change is residual
stress is the result of secondary crystallization that occurs when entanglements in the
amorphous phase are released as the result of photooxidative chain scission. This phe-
nomenon has been dealt with in the DSC Crystallinity Measurement section. From meas-
urements of the depth profile of crystallinity changes in polypropylene, residual stress
distribution changes were calculated using the density difference between the crystalline
and amorphous phases,40 and showed good agreement with the measured changes in
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Figure 5—Crystallinity measurements at differ-
ent depths within a 3 mm thick bar of a
polypropylene copolymer after different photo-
aging times. DSC measurements were made on
samples removed by milling 0.1 mm layers at
the surface (0–0.1 mm, denoted by layer mid-
point “0.05”) and between 0.3–0.4 mm of the
surface (“0.35”). XRD measurements were
made with a diffractometer using the exposed
surface (“0.00”) and the surface 0.3 mm
beneath the exposed surface, revealed by
milling away 0.3 mm (“0.30”). These data were
obtained in a study by Craig, White, and Kin.8



residual stresses distribution.38,39 In non-crystalline polymers, density changes occur on
ageing and this process appears to be accelerated when the polymer is exposed to UV.41

Therefore, a depth-varying change in density may develop in a molding when exposed to
UV, causing changes in residual stress similar to those produced by secondary crystalliza-
tion in a semi-crystalline polymer. The presence of photo-stabilizers reduces significant-
ly the level of residual stress change during outdoor exposure42,43 and this supports the
idea that densification permitted by chain scission is responsible rather than imbalanced
relaxation in a temperature gradient. 

Results from a study of residual stress changes in 3 mm thick polystyrene (PS) bars
when exposed to UV are given in Figure 6.38 In the as-molded condition, prior to UV
exposure, the residual stresses show a fairly typical distribution with modest tensile
stresses in a broad zone in the interior of the bar and stronger compressive stresses in a
narrower zone near the surface. After four weeks of exposure, a narrow tensile zone had
developed immediately at the surface but tensile stresses were still prevalent in the cen-
tre with a zone of compressive stress in between. After 14 weeks, the residual stresses
had reversed at all locations, becoming tensile in the near-surface regions and compres-
sive in a broad central zone.

MECHANICAL TESTS

It is essential to determine the effect of photodegradation of polymers on their
mechanical properties, especially the fracture behavior. This is because a component is
normally rendered useless when it breaks, even if its major purpose is not load-bearing.

Impact Testing

The major change in engineering properties caused by the photodegradation of poly-
mers is the reduction in toughness. Although impact tests are designed to assess this prop-
erty, they are not very popular in photodegradation studies because of the difficulty in

interpreting the results. Standard impact
tests, such as Charpy and Izod that are based
on a pendulum striker, use notched samples
and there is an immediate dilemma concern-
ing the introduction of the notch. If it is
made after the UV exposure, the notch pen-
etrates the most heavily degraded material
and the root of the notch from which the
crack grows is located in a less damaged
zone and therefore does not probe the most
damaged region adequately. On the other
hand, if the notch is made before the UV
exposure, the notch tip is likely to be locat-
ed in a region with quite different morphol-
ogy to the surface, and which is likely to
have quite different degradation character-
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Figure  6—Residual stress distributions as a
function of depth from the exposed face of poly-
styrene bars (3.1 mm thick) in the unexposed
state and after exposures of four weeks and 14
weeks. Data from Li Tong; see also reference 37. 



istics. Consequently, it is more popular to use tensile tests to assess the progress of pho-
todegradation in polymers.

Tensile Testing

The same problem concerning the effect of a notch prevents the use of conventional
fracture toughness tests conducted under monotonic loading conditions. Instead it is cus-
tomary to employ a standard tensile test and to examine the fracture that occurs at the end
of the test. The total area under the stress-strain curve can be considered a measure of
toughness and correlates reasonably well with service behavior. 

The conventional tensile test in which a specimen bar is held between the grips of a
hard-beam machine and one of the beams (crossheads) is driven at a constant speed, is
very suited to polymer property assessment. During the early stages of the test, the bar
extends in an elastic or quasi-elastic manner, so that the stress applied is proportional or
nearly proportional to the strain. In polymers, the departure from a linear relationship is
sometimes quite large. In polymers, as with many metals, yield is observed in which
there is a sudden reduction in the stress-strain gradient. A neck forms at this point and,
with many polymers, the neck stabilizes and the polymer cold-draws. This phenomenon
is associated with tough behavior in other loading arrangements and is displayed by poly-
carbonate and some other non-crystalline polymers with a good reputation for toughness
as well as many semi-crystalline polymers such as polyethylene, polypropylene, and the
nylons. Loss of this property following photodegradation is probably the best indicator
of all mechanical parameters that the material has become brittle and that a component
in the same state of degradation is likely to fail in service. An example is given in Figure
7, in which the strain at break is given for samples of a polypropylene copolymer after
various UV exposure times.44 The strain was more than 250% (the limit of the crosshead
displacement) for short exposure times and this was maintained after one week exposure,
but after three weeks the strain at break fell very considerably and soon afterwards
reached catastrophically low values.
Samples containing some recycled polymer
that had been photodegraded prior to recla-
mation showed even more severe degrada-
tion than the virgin material after three
weeks exposure.

The tensile test can be used to measure
the change in Young’s modulus and stress at
failure caused by photodegradation. Both of
these parameters present difficulties in inter-
pretation. With many polymers, the surface
becomes stiffer on UV exposure, either
because of chemi-crystallization or the for-
mation of crosslinks. This causes the overall
Young’s modulus (as measured by the test)
to increase, though the test gives an average
for the whole bar and the results are domi-
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Figure 7—Strain at break of polypropylene
copolymer samples after various UV exposure
times. “V” indicates virgin polymer while
“V+10%P” and “V+25%P” indicate samples
made from material containing, respectively,
10% or 25% recycled polymer that had been
photodegraded prior to reclaiming.44



nated by the material in the interior,
which remains virtually unchanged.
After prolonged UV exposure, the sur-
face becomes embrittled with many poly-
mers and surface cracks appear. This
means that the surface zone is no longer
load bearing and the test load is support-
ed on a smaller section of the test-bar
than that used to calculate the (overall)
modulus, which is therefore an underesti-
mate of the Young’s modulus in the inte-
rior (load-bearing) zone. The stress at
failure is of limited value because, even
in a heavily degraded sample, failure
often does not occur until yield, by which
point the sample has reached a load close
to the maximum observed in the unex-
posed state. Under carefully controlled
laboratory conditions, the stress at failure

can sometimes show a systematic variation that correlates with UV exposure but the
interpretation of the results is not always straightforward, partly because of the depth-
dependent changes in modulus that are not easily determined and partly because of the
influence of the surface cracks that can develop into critical flaws that promote prema-
ture fracture. An illustration of the use of failure stress is given in Figure 8, where results
are given for a series of polypropylene moldings that were exposed for periods up to six
months and then tensile tested.7,45,46 A rapid decay in strength was followed by an appar-
ent “recovery,” usually after about six weeks exposure. A brittle surface zone developed
after short exposure times and broke easily during the tensile test, providing flaws from
which net section fracture occurred. After longer exposure times, the surface zone
became so brittle that multiple cracks formed and stress transfer to the relatively unde-
graded material underneath did not occur so that flaws in the surface zone lost their
potency and “recovery” occurred. Under service conditions, the component is likely to
have failed before this recovery appears and it is of little practical use, but the results
underline the importance of testing samples at closely spaced exposure intervals because
it would be possible to miss the property minimum in a series of tests conducted using a
large interval, and so obtain an over optimistic assessment of the material.

Fractography  

An essential adjunct to the tensile test is the subsequent microscopical examination of
the fracture surface and the adjacent region. Scanning electron microscopy is usually pre-
ferred because of the large depth of field providing images of rough surfaces superior to
those obtained using light microscopy. The fracture surface usually contains characteris-
tic markings that indicate the site at which the fracture initiated. This may be a flaw such
as a foreign particle that constitutes a stress concentration, and failure occurs according
to the general predictions of fracture mechanics (though quantitative predictions are dif-
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Figure 8—Retained strength versus photo-aging
time for (1) injection molded polypropylene and
(2) compression molded polypropylene, showing
recovery behavior. The standard deviations for
four repeated tests were often smaller than the
data decals except near the recovery region and
are omitted here for the sake of clarity. They can
be checked in the original papers.7,46
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ficult to make because of the viscoelastic nature of the polymer). An example is shown
in Figure 9a. After UV exposure failure usually initiates in the embrittled surface layer,
leaving behind a smooth fracture zone that indicates the depth within which significant
damage had occurred (Figure 9b) and which offered very little resistance to cracking.
Turton and White showed very strong correlation between the smooth zone depth and the
region containing advanced chemical degradation, as indicated by molecular weight
measurement, in a study of polypropylene.47 Inspection of the as-molded surface is just
as revealing as the fracture surface in the interpretation of the deterioration of properties
in photodegradation studies. Multiple fissures often form in the embrittled zone during
the tensile test (Figure 9c). A dominant flaw often develops and different stages of this
can sometimes be identified with the help of a scanning electron microscope.48 With dif-
ferent polymers and/or different exposure conditions it is sometimes possible to observe
that the surface layer has become so fragile that pieces actually fall out and have virtual-

Figure  9a—Foreign particle that has initiated
fracture on the surface of a PP bar exposed out-
doors in Jeddah, Saudi Arabia, for three years
prior to tensile testing. (Image courtesy of M.M.
Qayyum.)

Figure 9b—Polypropylene fracture surface
obtained after nine weeks UV exposure. (Image
courtesy of M.S. Rabello.)

Figure  9c— Fissures on the molded surface of a
PVC bar exposed outdoors for four years in Saudi
Arabia, then tensile-tested. (See also reference 48.)

Figure 9d—Surface of polypropylene bar after
six weeks UV exposure followed by tensile test.
Fragments of the embrittled surface layer fell
out during testing. (Image courtesy of
B.O’Donnell.) 
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ly no adhesion to the underlying (less damaged) material (Figure 9d); this is believed to
be associated with the phenomenon of recovery, discussed above. 

CONCLUSIONS

This chapter shows how the application of a range of techniques can be used to relate
changes that occur at the molecular level to engineering property changes when a polymer
is exposed to UV. The sub-set of the many techniques available that has been used here is
neither unique nor complete. Different methods could be substituted and/or added to pro-
vide an equally good or better analysis. Nevertheless, the combination of techniques intro-
duced here can provide a fairly comprehensive picture of the changes that occur.

FTIR analysis of the gas phase adjacent to the sample during UV exposure can be used
to indicate that photo-chemical reactions are taking place and to provide a semi-quantita-
tive measurement of the rate. This enables convenient comparison of the susceptibility of
different polymers to UV exposure and the effect of different additives and of different
exposure conditions (UV intensity, spectral distribution, gas phase composition, etc.). 

The molecular characteristic that is most important for the engineering properties is
the molecular weight, and this can be measured using GPC. The GPC data can be ana-
lyzed to produce MWDs and, from them, scission and crosslinking concentrations can be
obtained. These show, among other things, that the shortage of oxygen in the interior of
the sample not only reduces the reaction rate but also changes the balance between dif-
ferent reactions, causing the build-up of crosslinks to be relatively higher than the devel-
opment of scissions compared to observations near the surface. 

Conditions favorable to scission exist near the surface of many polymers, including
polyolefins and polystyrene, and, in the case of semi-crystalline polymers, this leads to
secondary crystallization (chemi-crystallization). Crystallinity and other related morpho-
logical characteristics tend to have a very strong influence over mechanical properties.
Secondary crystallization occurs preferentially near the surface and this leads to changes
in residual stress distribution, with the surface zone becoming tensile. Similar changes
occur in polystyrene due to photodegradation-stimulated densification in the amorphous
phase. The residual stresses can lead to distortion and will often affect fracture behavior,
usually detrimentally because tensile stresses form at the surface in the embrittled zone
and produce a much more vulnerable condition than the as-molded state when the tensile
stresses are in the interior and low in magnitude.

Tensile tests are normally the most meaningful way to determine the fall off of
mechanical properties during photodegradation. The strain to break is very sensitive to
the embrittlement of the polymer and is a good indicator of the fall in toughness that nor-
mally marks the end of the service life of a component. 
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INTRODUCTION

Polymeric films are used in very different applications to protect commercial products
against ambient substances or mechanical stress. In this chapter we describe the function-
ality of barrier foils and embedding polymers used in photovoltaic (PV) modules as an
example where both properties are relevant.

Materials consisting of back sheets and encapsulants provide a barrier to keep water,
atmospheric gases, and pollutants away from the silicon solar cell. Nevertheless, during
a service life of more than 25 years with frequently changing meteorological conditions,
any migration of different chemical species through the polymer barriers has to be taken
into account. The transport mechanisms in polymeric materials are not well understood,1

and present a very active research field.2 Methodologies for service life estimation based
on successfully established SLP methodologies for other solar energy materials3 are
presently under development.

The determination of the water concentration during the service life of materials under
experimental and real environmental conditions is a starting point for understanding
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Polymeric films are commonly used as water-vapor barriers, or as substrate
materials for barrier coatings in food packaging, photovoltaic devices, organic
light emitting diodes (OLEDs), and vacuum isolation materials. The perme-
ation properties of these films determine the level of water in the polymers and
inside the devices. The water can cause corrosion and/or degradation of func-
tional properties of the devices. The temperature of solar devices and the ambi-
ent water vapor concentration vary over time according to the solar radiation
and the ambient climate. Temperature-dependent permeation and diffusion
properties are needed for modeling the water concentration over time in order
to predict the long-term behavior and the service life of such devices. This
chapter describes the measurement of the temperature-dependent permeation
coefficient for polymer films, different laminates of polymer films, and first
results of modeling the processes by integrating time series of conditions expe-
rienced during outdoor exposure.



many other processes that might occur in materials used in PV modules. Of course, the
ingress of other atmospheric gases and pollutants also can play a detrimental role.
However, in this chapter we focus on the measurements of water diffusivity in some
polymer materials used as encapsulants, namely ethylene vinyl acetate copolymer (EVA),
polyvinyl butyral (PVB), and thermoplastic polyurethane (TPU). These measurements
are used to estimate the water concentration at equilibrium, and are applied as boundary
conditions for simulations under different climates. 

THEORETICAL BACKGROUND

Water Concentration Distribution 

PV modules are installed in different locations with extremely diverse climatic condi-
tions which vary from place-to-place and from season-to-season. There is evidence that the
irreversible changes occurring in materials, and consequently, the service life of PV mod-
ules, depend strongly on the local environment.4 This fact justifies setting up dynamic equa-
tions of distributed parameters for modeling the water ingress in PV modules. In our mod-
eling approach the dynamic independent variables are the local weather conditions, name-
ly temperature, relative humidity, global solar radiation, and wind velocity. This set of vari-
ables represents the dynamic environment that interacts with the PV module. 

Assuming Fickian diffusion of water through the polymers of interest, the time varia-
tion of concentration ci inside each material i is given by 

(1)

where Di is the diffusion coefficient of water vapor in material i. In this chapter, we pres-
ent the calculation of the water solubility that might be used as boundary conditions for
solving equation (1). The water concentration in a polymer as a function of the tempera-
ture and the relative humidity (i.e., water partial pressure) is estimated using the experi-
mental values of diffusivity and permeability. 

Water Content Curves 

For estimating the diffusion coefficients of
encapsulant materials, the polymer films
were considered as membranes; that is, bar-
riers between two phases, one of which is
considered as the feed side and the other the
permeate side.5 This corresponds to the
geometry of the measurement equipment to
be described in the “Experimental Setup”
section. As shown below, this membrane
approach allows us to relate the diffusivity
to the permeation rate for estimating the
water content of the tested materials as a
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Figure 1—Polymer film considered as a mem-
brane between two gas-filled volumes. 



function of temperature and relative humidity. Without losing generality and for the sake
of simplicity we consider the one dimensional case shown in Figure 1, representing a
membrane of thickness lf. On the feed side of the membrane (left-hand side of Figure 1),
a gas with concentration Cfd is in equilibrium with the membrane surface layer with a
concentration c0, while on the permeate side, the gas with concentration Cpr is in equilib-
rium with the concentration in the surface layer of the membrane, clf.

The mass balance equation for water in the film is given by 

(2) 

where c is the water concentration in the film and jx is the flux in x direction. 
We require a relationship between the flux and measurable quantities. Since the water

content at saturation in the encapsulant polymers tested in this work is less than 0.1%, we
are working with very dilute systems; hence, we assume Fickian diffusion,6 namely 

(3) 

The water concentration distribution in the film is then described by combining equations
(2) and (3):

(4) 

For determining the diffusion coefficient of the film, we consider the steady state dif-
fusion across the film, represented by setting equation (4) equal to zero. For this case the
appropriate boundary conditions are 

(5) 

(6) 

Since the system is in a steady state, c0 and cl are independent of time. Hence, the con-
centration profile through the film is given by

(7) 

and the flux across the film is 

(8) 

This steady state equation is expressed as a function of film variables only. We use the
definition of the partition coefficient,7 K, to relate the concentration in the membrane, c,
in equilibrium with the concentration of the gas outside of the membrane, C: 
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(9) 

The partition coefficient is also termed “solubility” by some authors. Using the definition
of the partition coefficient for substituting the respective concentrations on both sides of
the membrane in equation (8), we have: 

(10) 

Expressing the concentration outside of the membrane as the ideal gas partial pres-
sures on the respective sides, equation (10) can be rewritten as 

(11) 

where is known as the permeation coefficient, equal to . 
For the encapsulation materials considered in this work, we have determined experi-

mental values for the diffusivity and permeation coefficients. With the estimated values
of diffusivity, we set up a conventional three-dimensional dynamic partial differential
equation like that of equation (4) for the one-dimensional case and calculated water con-
centration profiles considering the conventional geometry of PV modules. For setting up
the boundary conditions for the case of the PV modules, it is necessary to know the water
concentration in the surface layer of the film as a function of the partial pressure of water
in the environment, which in turn depends on the temperature. We have estimated the
water content in the polymer surface layer using equation (9). The partition coefficient
was calculated using the temperature dependence of the diffusion and permeation coeffi-
cients. According to our measurements, the temperature dependence is an Arrhenius-like
function. For the diffusion coefficient we have 

(12) 

where D0 is the diffusivity measured at temperature T0 and ED is the activation energy for
the diffusion. For the corresponding expression for the permeation, is the permeation
at temperature T0 and E is the activation energy for the permeation coefficient:

(13) 

Using equations (12) and (13) the partition coefficient can be calculated as follows: 

(14) 

The difference in equation (14) has been interpreted as the sorption enthalpy.1
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The partition coefficient expression was used to estimate the value of the water con-
centration in the surface layer of the film as a function of the environmental temperature
and partial pressure of water, which depends on the relative humidity. 

Temperature Distribution 

For the temperature distribution in the PV module, a single energy balance was set up
for each material. Expressed as a function of the temperature, the energy balance reads

(15)

where ρi, Cpi, and ki are the density, heat capacity, and thermal conductivity of material
i, respectively. 

On the glass cover and the back of the module, a convective boundary condition was
considered. For these contributions, we used heat transfer coefficient expressions as
functions of the wind velocity νwind,

8:

(16) 

(17) 

hgl and hbs are the heat transfer coefficients for the glass cover and back surface of the
module respectively, both in W/m2, while the wind velocity is given in m/s. 

The heat generation due to global solar radiation, qs, is calculated as follows: 

(18) 

where G is the global radiation in W/m2, α is the solar absorption of the module, and η
is the efficiency of the module. 

EXPERIMENTAL SETUP

Figure 2 shows a picture of the
experimental setup. On the left side of
the figure is a climate cabinet, and on
the right side a mass spectrometer is
shown. 

The polymer film to be tested is
exposed to the climatic conditions of
the cabinet (feed side, Figure 1). The
permeate side is the lid of a hermeti-
cally sealed volume. The sample film
is mounted on ultra-high vacuum
flanges of up to 250 mm diameter and
exposed to defined temperature and
relative humidity conditions. The
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Figure 2—Experimental set-up: the climatic cabinet
and the mass spectrometer. 
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Figure 4—Example for the monitoring of the mass-spectrum
and the relative humidity in the climatic cabinet over time.

Figure 5—Example for the evaluation of the monitoring of
the mass-spectrum and the relative humidity in the climatic
cabinet over time.

Figure 3—Mass-spectrum of the permeated species from an
EVA-sample.



increase of the humidity content in
the volume behind the sample film,
which was initially filled with argon
under atmospheric pressure, was
monitored by the mass spectrome-
ter. Using a mass spectrometer, we
obtained a full spectrum of the sub-
stances in the test volume. Thus, we
were able to track not only the per-
meation of water vapor, but also the
permeation of other substances like
O2 or N2, which can also be impor-
tant for the performance and degra-
dation of the materials (Figure 3)
and to identify substances, which
are released from the materials or
produced in degradation processes.

The climate cabinet allows tem-
perature and humidity conditions to vary over a very broad range and therefore facili-
tates the determination of permeation coefficients for different exposure conditions.

Before the beginning of the experiment, the sample of the polymeric film, a 250 mm
diameter circle, and the permeate side volume were pre-conditioned to be completely dry
by rinsing with argon at atmospheric pressure. When the experiment starts, the climatic
cabinet changes the ambient relative humidity very fast compared to the time-constants
of the permeation processes, so that we can assume that the humidity follows a step func-
tion (Figure 4). Then, water vapor should be absorbed on the film surface and start dif-
fusing through the film. Water molecules that have reached the other side of the film will
desorb from the polymer and
increase the water concentration in
the volume at the permeate side
(Figure 4).  From the time lag and
the shape of the answer function to
the step function we can calculate
the diffusion and permeation coeffi-
cients (see Figure 5). 

EXPERIMENTAL
RESULTS

Figures 6 and 7 show the diffusion
coefficients and permeation coeffi-
cients of three different polymer films
measured at different temperatures.
Table 1 lists the measured values at a
reference temperature of 26°C. 
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Figure 6—Arrhenius plots on a logarithmic scale of
water permeation coefficients for different polymer films
used as encapsulant materials in PV modules, measured
at different temperatures.

Figure 7—Arrhenius plots on a logarithmic scale of
water diffusivity coefficients for different polymer films
used as encapsulant materials in PV modules, measured
at different temperatures. 



368

Figure 9—Physical configuration of the PV module used in the
simulations. 

EVA ......................9.26 9.04 34.23 29.56

PVB......................2.01 2.01 59.08 66.88

TPU......................6.31 8.02 33.10 46.57

(a) D stands for Diffusivity, for the Permeability. ED and E are the Activation Energy for the Diffusion
and Permeability, respectively.

Table 2—Permeation Measurements for a Tedlar-PET-Tedlar Back
Sheet. The Calculated Activation Energy is 41.6 kJ/mol                     

T [°C] 31 36 40 50 

0.78 1.08 1.28 2.07 

Figure 8—Ambient temperature and relative humidity during one year in Freiburg (Germany) and
Miami (USA).

Table 1—Measured Values at 26°Ca
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The experimental setup has also
been applied for measuring back
sheets. For example, in Table 2
permeation coefficients at different
temperatures are presented for a
Tedlar™-PET-Tedlar back sheet. 

With the diffusivity and perme-
ability measured experimentally,
the partition coefficient was calcu-
lated according to equation (14)
and then used in equation (9) to
estimate the equilibrium water
content of the polymer as a func-
tion of the temperature and the rel-
ative humidity. 

MODELING

The estimated diffusion coefficients and water content curves can be used to simulate
the concentration distribution, i.e., to solve equations (1) and (15) with real environmen-
tal conditions. Two examples are presented here. The first one uses weather conditions
measured in Freiburg, Germany, as dynamic input. These data consist of 5-min averages
for each variable. The measured data correspond to March 15, 2003 to March 14, 2004.
In the second example, a typical meteorological year of Miami, FL, was taken.9 In this
second example, the weather data are reported as hourly values. To manage the numeri-
cal complexity of the model, in both examples the wind velocity was considered to be
constant and equal to 1 m/s.
Figure 8 shows the temperature
and relative humidity data at the
two cities which were used for the
calculations. 

For the simulation, a 16 x 16
cm2 solar module was considered
with a 12.5 x 12.5 cm2 solar cell.
The module consists of EVA
encapsulant and a back sheet for
which a diffusion coefficient of
5.5 x 10–7 cm2/s was taken. Figure
9 shows the PV module geometry
implemented for the simulations.
The water concentration in point
P of Figure 9 was calculated
(using equation (1)) and
expressed as a percentage of the
concentration at saturation. The

Figure 10—Relative saturation of water in point P of the
PV module shown in Figure 9, simulated using weather
data of two different regions. An equilibrium of the mois-
ture content is reached at both places relatively fast.

Figure 11—Time required to reach 90% of the saturation for
different values of the measured diffusion coefficient Do=5.5
x 10–7 cm2/s (at 26°C). These simulations were carried out
at constant environmental conditions: air temperature
25°C; relative humidity 80%; global solar radiation 800.0
W/m2; wind velocity 1.0 m/s. Under these conditions the
temperature of the module was calculated to be 43°C for an
efficiency η of 20%.
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concentration at saturation was cal-
culated at the present ambient tem-
perature and relative humidity, given
by equation (9). Figure 10 shows the
simulations for one year of exposure
time. Simulations like those allow
one to determine the magnitude and
fraction of time a module is under
super-saturation conditions. These
conditions may cause the degrada-
tion in PV modules.

For determining the influence
of the diffusion coefficient of the
back sheet, Do, simulations were

carried out for different values of Do. Figure 11 shows the time required to reach 90% of
the saturation concentration. For these simulations, a constant value of 0.08 g H2O/g EVA
at the saturation was considered. Figure 12 shows dynamic simulations using weather
conditions of Freiburg for the first 30 days of the data shown in Figure 8. With this dia-
gram two diffusion coefficient values of the back sheet were compared. The results sug-
gest that the major contribution of the humidity ingress comes from the unsealed borders
of the mini-module, a real PV-module consisting of many cells should be modelled, and
that a very good barrier is needed as back sheet, if the humidity should be kept out of the
encapsulation material.

CONCLUSIONS

This chapter shows a new method to measure the temperature-dependent diffusion
and permeation coefficients of polymeric materials for water vapor and different other
substances in parallel. Experimental results for PV module materials have been present-
ed. Water ingress into PV modules represents an important factor for degradation of
materials composing PV modules, although its role has not been clarified. Further inves-
tigations are to be done for determining diffusion coefficients and water solubility prop-
erties of materials. These efforts help to estimate service life under different climatic con-
ditions by using dynamic simulation of heat- and mass-transfer processes induced by
varying border conditions (weather and application) and facilitate the evaluation and
usage of new materials. 

The approach presented offers a new possibility to support the understanding of func-
tional polymers and barrier foils and their behavior in different ambient conditions. It
might also be used for composite films for which effective diffusion coefficients are
measured and a gravimetric water uptake measurement is too difficult.
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Figure 12—Dynamic simulation of the water content in
point P of Figure 9 for weather conditions of Freiburg,
Germany (Figure 8). The diagram allows the compari-
son of the effect of a back sheet with a diffusion coeffi-
cient 1000 time lower than the measured value of 5.5
m2/s for a commonly used laminate.
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INTRODUCTION/HISTORICAL

Durability and service life predictions of polymer-based products have been very
important to many businesses worldwide. A broad range of environmental and artificial
exposure protocols have been developed over a period of decades, as well as measure-
ment technologies and associated sampling techniques, to drive these efforts in the auto-
motive finishes market (OEM and Refinish) businesses. Tools to track the statistical sig-
nificance of experimental study results, tools to help improve experimental/project
design, and tools to correlate data-based results have evolved steadily. The available
information to assist in better material/product design and testing has gone from being
largely data-based to now being more knowledge-based. Many investigators have con-
tributed to get to the state-of-the-art in this area, ultimately allowing for development of
better materials and products, reducing the product development timeframe, and provid-
ing a more realistic assessment of longer-term product performance.
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Chemical surface/near-surface, interface, and depth profile measurement tech-
nologies, as well as traditional microscopy measurement techniques, are very
powerful tools in the ever-evolving efforts to study changes in multi-layered
automotive coating systems. This chapter is intended as an overview of the
analytical toolbox used initially (Stage-1) to obtain a relatively detailed under-
standing of the chemical composition of coating systems as a function of appli-
cation environment, formulation, cure conditions, exposure, and storage histo-
ry. Optical microscopy (OM) and environmental scanning electron microscopy
(ESEM) with high resolution digital imaging and elemental analysis (EDS)
capabilities are often employed with spectroscopy-based investigations (IR
ATR/Trans-mode; UV-Vis) to more completely characterize the chemical
changes, species distribution/migration, and identify defect locus/composition.
Corresponding sample preparation techniques are noted in each of the case
studies presented. Application examples are taken from both plant/field prob-
lem-solving cases and service life prediction efforts in characterization of fin-
ishes from the automotive OEM and Refinish markets.



Although these efforts have proven to be quite significant and very helpful in creating
better products for the automotive finishes marketplace, the level of performance predic-
tion often tends to be based on bulk chemistry and bulk properties. As product differen-
tiation in the marketplace becomes more subtle, the ability to go beyond bulk character-
ization is believed to be key for the future. This chapter will provide one view of the
future and the analytical tools and sampling techniques that will allow investigators to
routinely conduct locus specific investigations.1-7 The focus herein will be on chemical
surface/near-surface, interface, and depth profiling methodologies.8-21

Case studies that are shown are primarily taken from the research and development
work associated with DuPont’s Performance Coatings automotive finishes
(OEM/Refinish) businesses. Examples highlighting the utility of the Stage-1 analytical
toolbox2 will also come from plant/field problem solving (or defect root cause analysis)
and material characterization studies. Manufacturing (OEM) and weathering-related
automotive coating defect studies have previously been reviewed in varying detail,24-30

including general and specialized measurement technologies. The currently reported
work is considered to be additive to the accomplishments of the earlier investigators, par-
ticularly from the context of analytical toolbox essentials. 

EXPERIMENTAL (STAGE-1 ANALYTICAL TOOLBOX)

Microscopy

OPTICAL MICROSCOPY (OM): The OM analyses can be readily conducted by viewing
from top-down (i.e., surface, microtomed section, or isolated particle) or cross-section
(normal or oblique cut). The OM images were obtained using a Leica model DM RXA™
microscope, type 020-516.014 III97, equipped with an MTI 3CCD color video camera
model DC 330™. A ring light or gooseneck lamp was used for surface illumination of
samples. Backlighting was also used for thin cross-sections to help differentiate layers or
defects.21

ENVIRONMENTAL SCANNING ELECTRON MICROSCOPY (ESEM): The ESEM effective-
ly retains most of the performance advantages of a conventional SEM, but removes the
high vacuum constraint from the sample environment. Samples can be potted (epoxy or
acrylic). Oily, dirty, and nonconductive samples may be examined in their natural state
without modification. The ESEM offers high resolution secondary electron imaging in a
gaseous environment of practically any composition and at pressures as high as ~50 Torr.
A Philips (now FEI) XL 30 ESEM Spectrometer has been used in all reported studies.

ENERGY DISPERSIVE [X-RAY] SPECTROSCOPY (EDS): EDS microanalysis is frequent-
ly very effective in detailed study of microscopic samples, including defect particles,
domains, or interface/interphase regions.22,23 It has an advantage of being sensitive to low
concentrations where minimum detection limits (MDLs) are below 0.1% in the best cases
and typically less than 1%. Also, the dynamic range runs from the MDL to 100%, with a
relative precision of 1 to 5% throughout the range. 
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Spectroscopy

IR ATR-MODE AND TRANSMISSION-MODE ANALYSES: Infrared (IR) analysis of sur-
face (top-down) chemistry, revealed surface chemistry (via slab microtomy) or isolated
material chemistry (extraction, needle harvest) was done either directly using an attenu-
ated total reflectance (ATR) technique or by IR-microscopy in transmission-mode. Depth
profiling of the general chemistry through a coating layer or multiple layers was done by
ATR analysis of slab microtomed sections cut in sequence. Additional sample prepara-
tion was not required. An important advancement in recent years has been the design and
application of internal reflection elements (IRE) such as ZnSe, which has a thin layer
(wafer) of diamond on the surface. Here, the IRE effectively acts as if it is ZnSe, but with
a much more durable surface. Under sufficient contact pressure the material opposite the
diamond will deform to provide uniform surface contact, optimizing the quality of the
resultant ATR spectrum. The ATR-mode analysis was done using a Nicolet Nexus 470™
FTIR ESP spectrophotometer equipped with a Smart Dura SamplIR™ module.
Transmission-mode analysis was done using a Nicolet model 20SXC™ FTIR spec-
trophotometer equipped with a microscope and XY-translating stage. ATR spectral cor-
rections were made using Nicolet’s OMNIC.

UV-Vis Analysis

Slab microtomed sections can be readily solvent extracted to obtain materials such as
UV-screeners (benzotriazole or triazine type UVAs), contaminants, or degradation
species. Spectroscopic grade methylene chloride (CH2Cl2) is the solvent of choice since
it is largely UV-Vis transmissive and very effective for swelling and extraction of all
automotive coating system layers. The typical size of the slab microtomed section
extracted is ~7–10 μm thick and ~2 x 2 cm2. A 5 mL aliquot of solvent was used to do
the extraction over a period of ~1 day. These solutions were run without further dilution
or concentration in a standard quartz 1 x 1 x 4 cm3 cell with cap. This experiment is illus-
trated in Figure 1. The UV-Vis analyses were performed using an HP model 8452A diode
array spectrophotometer equipped with the UV-Visible ChemStation Rev. A.06.03 (48).
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Figure 1—Diagrams of the
UVA depth profiling experi-
ments are shown. The CC
from a multi-layered automo-
tive coating system is sec-
tioned co-planar to the sur-
face at steps in the ~7–10
micron thickness. Each section
is weighed and extracted with
5 mL CH2Cl2 solvent in a
closed vial. The UVA extract
solutions are analyzed by
HPLC or UV-Vis techniques.
Observed UVA concentrations
are normalized to the weight
of each section.



Direct UV-Vis analysis of slab microtomed CC sections in transmission-mode is illus-
trated in Figure 2. The sections are found to adhere well to a quartz (UV-transparent) sup-
port using a small amount of nonvolatile (UV-transparent) solvent such as n-octanol or
n-decanol. Handling of these larger slab sections is relatively easy, relative to handling of
the smaller standard microtome sections. This approach is generally limited to the CC
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Figure 2—Direct UV-Vis analysis of UVA (benzotriazole) content in thin slab microtomed CC
sections. A top-down sequence of these microtomed sections will determine a relative UVA con-
tent depth profile. Note that each section is typically cut at the same thickness, thus additional
normalization is not required.

Figure 3—UVA depth profiling approach developed by Ford Scientific
(Gerlock and colleagues). A thin cross-section of a coating system is
obtained with a standard microtome, anchored on a quartz support. UVA
analysis is done by a UV-Vis microscope equipped with an X-Y translat-
ing stage.



layer since the remaining layers contain a high loading of particles (i.e., colorant pigment,
filler, mica, aluminum flake), which can cause extensive UV-Vis light absorption and/or
scattering. A UV-Vis spectrophotometer with standard sample compartment configura-
tion was used, as previously mentioned.

Depth profiling of additives, specifically benzotriazole- or triazine-type UV-
absorbers, was also successfully done using UV-Vis spectroscopy. This approach was
pioneered by Gerlock and colleagues at the Ford Scientific Laboratories (Ford Motor
Company)8 and is illustrated in Figure 3. A standard microtome is used to obtain relative-
ly thin cross-sections (~5-10 μm thickness range) of the automotive coating systems. As
previously noted, a nonvolatile (UV-transparent) liquid is used to anchor the small sec-
tions to a quartz substrate which is attached to an XY-translating UV-Vis microscope
stage.

Sample Preparation Techniques

SURFACE/NEAR-SURFACE SAMPLING: A diamond cutter is frequently used to cut larg-
er panels or parts down to a size that can be located on an OM or ESEM microscope
translating XY stage. Typical sample sizes range from ~1 cm2 to ~2.5 cm2. OM stage top-
down sample illumination is by a ring light or two adjustable gooseneck lamps, one on
either side. Putty or double-sided tape is often used to anchor the samples onto a larger
glass microscope slide, which in turn can be locked onto the XY translating stage.

CROSS-SECTION (DEPTH PROFILE) IMAGING: Normal (90º) cut cross-sections are used
commonly for obtaining dimensional information and creating access to defect particles
or regions of interest. The samples are typically cut so that they can be potted on edge,
sanded, and polished to prepare a cross-section that can be easily imaged with
microscopy techniques. Image analysis is routinely used to obtain dimensional informa-
tion such as thickness of coating system layers or size, number, and location of defects.
In the case of larger defects the original cut is made within them requiring a minimal
number of polishing steps. The cross-sections are used in both optical microscopy and/or
environmental scanning electron microscopy analyses. ESEM imaging also permits
access to areas of interest for energy dispersive spectroscopy analysis for determining
elemental composition of layers, particles, interphase regions, or other areas (i.e, maps)
of interest.

BACK-POLISHING TO CROSS-SECTION DEFECTS: Defects that are both small (micron
scale) and located within a coating system layer or at an interface (between layers) are
often difficult to cross-section. A procedure that has a relatively high probability of suc-
cess includes cross-sectioning just outside of the defect particle or area, followed by a
number of very fine polishing steps. This approach is described as a type of back-polish-
ing (Figure 4). After each of the polishing steps one can then use an optical microscope
to determine proximity to or penetration into the defect. Defects that are in the 1–5
micron size range often require numerous fine polishing steps. This careful, but time con-
suming, approach tends to avoid accidental polishing through a smaller defect. It is com-
mon to employ as many as 20–30 of these polishing steps to target near to the middle of
such defects.
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SLAB MICROTOMY SAMPLING FOR DEPTH PROFILING: A Leica Polycut model SM-
2500E Slab Microtome was used in sectioning the automotive coating systems co-planar
to the surface. The microtoming was effective in reliably cutting coating layers as thin as
5 µm and as thick as 15–20 µm. Once cut, sections can be conveniently stored between
sheets of weighing paper. Cutting sections thinner than 5 µm (e.g., 3–4 µm range) often
resulted in their shredding, thus destroying their integrity. Also, sections this thin tend not
to support their own weight without tearing and, thus, cannot be handled easily with flat-
bladed tweezers. However, if section integrity is not important, such as in the case with
solvent extraction studies, then harvesting in steps as thin as ~2 µm proved attainable for
some OEM automotive CC layers. Figure 5 shows the Leica Slab Microtome configured
with epoxy sample support and cutting block.

SOLVENT EXTRACTION OR WASHING FOR COMPONENT ID: Slab microtomed sections
could be effectively extracted with solvents such as methylene chloride (CH2Cl2) or
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Figure 4—Cross-sectioning and
back-polishing sequence to access
the buried defect particle. (A)
Defect buried in sample volume
element, with no direct access. (B)
Sectioning to get just outside
buried defect. (C) Back-polishing
has just touched edge of defect.
(D) Back-polishing has just
entered defect. (E) Back-polishing
attempts to maximize defect access
(showing access to near center).
An optical microscope is used to
iteratively monitor stage of sam-
pling (B–E).

Figure 5—Leica model SM 2500E slab microtome used in the microtomy
studies. Sections were typically cut 7–10 microns thick for most automo-
tive coating system CC studies.



tetrahydrofuran (THF). These solvents tend to swell the thin sections to a significant
degree, allowing high yield extraction of various additives, contaminants, and degrada-
tion products. UV-screener (UVA) depth profiling is now routinely done using slab
microtomy, solvent extraction, and UV-Vis or HPLC analysis. 

Materials

The samples used throughout these studies are either multi-layered automotive coat-
ing systems (control or defect containing) or materials isolated from such systems (com-
ponent aggregates, solvent wash residues, or contaminant materials). In many cases the
defect-containing automotive coating systems were obtained from plant or field sources.
Case studies include samples from both OEM and refinish product development as well
as plant/field problem-solving efforts. 

Figure 6 shows typical commercial automotive coating systems in cross-section,
including those over metal (usually steel or aluminum) or plastic (usually TPO) sub-
strates. Typical coating system layer configuration and thicknesses are given.

RESULTS AND DISCUSSION

The case studies presented below focus on application of IR, UV-Vis, OM, and/or
ESEM/EDS measurement technologies, as well as the associated sampling techniques
applied in problem solving or material characterization.

Case Study 1—Tracking Mass Loss

Tracking mass loss in automotive coating system layers, specifically the uppermost
(usually CC) layer, is done easily by monitoring the layer thickness changes. This can be
particularly useful when the study is done as a function of time and exposure conditions.
OM analysis of coating system cross-sections (Figure 7) has been done easily using mag-
nifications ranging from 10X to 535X. 

Figure 7 illustrates the effect of longer-term exposure to outdoor weather conditions.
Typically, CCs that are fully fortified with normal commercial levels of HALS and UVA
additives tend to show little mass loss during the first five to seven years of vehicle own-
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Figure 6—Normal cross-sections of most common automotive coating systems,
including (a) metal (usually steel) and (b) plastic (usually TPO). Typical thick-
nesses are shown for the various coating layers.



ership. However, CCs that are not appropriately fortified can result in significant mass
loss. Acrylic-melamine-styrene type CCs often show mass loss in stages—initially a
slight shrinkage due to loss of alkoxy groups from the melamine crosslinker (e.g.,
methyl/n-butyl/i-butyl melamine) and later due to erosion (network breakdown) at/near
the surface. OM analysis of coating system cross-sections is ideally suited to track mass
loss in CCs, or even other layers demonstrating change in thickness.

A common, albeit less direct, way to track appearance changes caused by erosion is
through gloss loss type measurements. As erosion progresses the surface roughness tends
to increase, resulting in gloss loss. Over the last decade (or so) commercial CC suppliers
have identified UV-fortification packages that are very effective in slowing down the
at/near surface degradation processes. Currently, hybrid crosslinking systems (e.g., employ-
ing both melamine and silane-based crosslinkers) have been successfully developed to
work with today’s available UV-fortification packages to provide long-term durability. 
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Figure 7—Commercial
automotive coating system
showing erosion of an
experimental CC. A car-
toon type sequence is given
to highlight CC mass loss
as a function of exposure
time and conditions.

Figure 8—(a) UVA CC depth profile for
virgin (unexposed) automotive coating sys-
tem. (b) UVA CC depth profile for longer-
term multi-year automotive coating system
exposure. A slab microtome was used to
obtain 7 micron thick sections. Each sec-
tion was first weighed and extracted by 5
mL aliquot of CH2Cl2. A UV-Vis spec-
trophotometer was used to determine UVA
content in each solvent solution, weight
normalized. 



Case Study 2—UVA Depth Profiling

UVA depth profiling of automotive coating system CCs was done successfully using
a variety of approaches:

(1) Sectioning co-planar to the surface with a slab microtome, weighing each section,
CH2Cl2 solvent extraction, and UVA content tracking by HPLC chromatographic or UV-
Vis spectrophotometric analysis resulted in easy to obtain and highly reproducible UVA
depth profiles. This approach was frequently applied in these efforts and is illustrated in
Figure 1. A (primarily CC) UVA depth profile from a virgin (unexposed) and longer-term
automotive coating system exposure is shown in Figure 8a and b. Herein a sigmoid-like
depth profile is observed for some longer-term exposures, showing markedly less UVA
content at/near to the CC surface and significantly higher content at/near to the CC/BC
interface.

(2) Direct (relative) UVA level tracking can be done by adsorbing a thin (~5–10
micron thick) microtomed section onto a quartz slide support followed by UV-Vis analy-
sis (Figure 2). A depth profile can be readily obtained by analysis of a slab microtomed
sequence (top to bottom) through a CC. Adhering the sections onto a quartz support with
UV-Vis transmissive species such as n-octanol or n-decanol was found effective; howev-
er, there were considerably more (and variable) scattering results requiring spectral base-
line corrections. A standard cuvette holder was configured to hold the CC sections
anchored on quartz slides. This approach, since it is not extracting/isolating the UVA
from the surrounding CC network, results in CC UVA depth profiles that include other
UV-Vis absorbing species present.

(3) An early, but effective, approach to obtain CC UVA depth profiles was developed
by investigators (Gerlock12 and colleagues). Thin cross-sections of a coating system were
obtained using a standard microtome, anchored on a quartz support, and transmission-
mode UV-Vis analyses were done using a UV-Vis microscope equipped with a X-Y trans-
lating stage (Figure 3). As in the previous approach with direct UVA tracking, the pro-
files also include other UV-Vis absorbing species present.

Determination of UVA species loss and/or migration kinetics is done by careful
weighing of each slab microtome CC section and thorough UVA extraction using a CC
swelling and UVA solubilizing solvent such as CH2Cl2. Typically, a time-based study
includes a virgin (unexposed) coating system and identical samples that have been
exposed (aged) over selected periods of time. Each sample (virgin or aged) is then sec-
tioned using slab microtomy. The concentration of UVA introduced in the virgin CC is
known and is used to determine subsequent UVA reductions through loss (surface strip-
ping, volatility), degradation, and/or migration. The weight of each section is used to nor-
malize the UVA signals observed. UVA migration into underlying coating system layers
usually can be done by slab microtomy. Occasionally certain coating systems subjected
to longer-term aging prove difficult to microtome due to their increasingly fragile nature.

Case Study 3—Particles, Domains, and Interfaces/Interphases 

The combination of ESEM and EDS methods allows for efficient analysis of very
small (down to sub-micron) defect particles, localized domains, and interface/interphase
regions. The electron beam (via ESEM imaging) impacts on a sample at/near to the sur-
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face resulting in emission of X-rays from this region whose energies and signal strength
provide the relative abundance of each element. In summary, this category of microanaly-
sis gives surface specific elemental composition, as well as micro-morphology detail.22

Note that this type of analysis is practically nondestructive in most cases and addition-
al sample preparation steps (e.g., enhancing surface conductivity or forced degassing) are
generally not required. However, certain materials such as binder domains or organic col-
orant materials show localized ablation type damage (i.e., appears as burn-in). 

Applications have included documenting elevation of fluorine at the surface of a graf-
fiti-resistant CC, mapping micro-domain damage of a melamine/silane crosslinked CC
due to the Jacksonville (FL) acid rain environment, and tracking type and extent of
residue materials depositing on panels subjected to outdoor exposure throughout Dade
County (FL). The latter application was reported in a presentation at the 2007 ASTM
Symposium on Weathering and Durability (January 23, 2007; Ft. Lauderdale, FL).

Case Study 4—Component Mixing and Migration

A melamine/styrene (ratio) depth profile for an automotive CC layer was determined
to monitor interlayer mixing and migration. Figure 9 shows a melamine/styrene (ratio)
depth profile for an experimental CC over a black BC. The automotive coating system
had the top two layers, CC and BC, applied “wet-on-wet” and then fully cured. In this
case the melamine crosslinker was present only in the BC. As the CC layer is sprayed
over a tacky (solvent flashed) BC layer there is some mixing and migration of the
melamine into the topmost CC. Styrene was uniformly distributed in the CC and gave
(effectively) an internal reference to ratio the melamine against.

Slab microtomy was used as the sampling technique. Each microtomed section was 8
microns thick. IR (ATR-mode with ZeSe IRE) analysis was done from the topside of each
section. The IR spectra are thus representative of the top ~3–5 microns of each section.
There were six CC sections (~48 microns) cut prior to encountering the BC. This was
consistent with the amount of CC applied. Note that transmission-mode experiments for
CC sections can also be done successfully; however, in our investigations the upper
thickness limit was in the ~7–8 µm range, depending on the innate absorption of the
DuPont CCs. 

Various CC technologies were explored to determine the extent of mixing and migra-
tion. The combination of slab microtomy and IR (ATR-mode) analysis was a relatively
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Figure 9—Melamine/styrene ratio
depth profile for experimental CC over
black BC. Each slab microtomed sec-
tion was 8 micron thick. IR (ATR-
mode) analysis was done from the top-
side of all sections. Microtomy was
done co-planar to the panel surface.



quick and efficient way to obtain the melamine depth profile. If necessary, then even thin-
ner sections of CC can be prepared. The practical limit (in our experience) was ~5 micron
thick CC sections. Attempts to cut in the 3–4 micron thick range resulted in some CC
shredding. All of the sectioning was done at room temperature with no cooling system. 

In this case the melamine/styrene area ratios are used to develop the depth profile his-
togram (Figure 9) and, thus, used as an indicator of relative melamine concentration
changes as a function of CC section. It should be recognized that this approach does not
directly quantify the melamine content in each section. Also, ATR-mode experiments in
these studies were not used to generate a depth profile per se; rather, slab microtome sec-
tioning was used to enable depth locus sampling. IR transmission-mode experiments
would work in a similar way.

Although not documented in the current report, “wet-on-dry” CC over BC application
is an effective way to determine interpenetration of local free BC melamine into the CC
layer. However, the majority of the BC melamine would be incorporated into the BC
binder network. The “wet-on-wet” applications can incur considerable material mixing
and subsequent migration, particularly at/near to the CC/BC interface. Here the
melamine incorporation is not fully realized until the thermal cure is completed.

Work in progress involves monitoring any further changes with respect to the
melamine crosslinker as a function of time and exposure conditions. This will provide
input on the longer-term stability of the overall coating system. The melamine depth pro-
filing will give locus specific changes and insight on improving coating system design.

Case Study 5—Refinish Repair Studies

A Refinish repair is used as an example showing the similarity and difference between
cross-section view layering obtained from OM and ESEM imaging. Figure 10a gives the
OM cross-section indicating eight distinct layers. Figure 10b gives the ESEM cross-sec-
tion of the same repair area indicating nine distinct layers. All OM layers, except for BC-
1, match up with corresponding ESEM layers. The OM BC-1 layer is actually made up
of two distinct ESEM layers. Figure 11a shows an EDS spectrum giving the elemental
composition of the second layer from the top. Figure 11b shows an EDS spectrum giv-
ing the elemental composition of the third layer from the top. 

The third layer has a relatively high chlorine content, suggesting that it may be an
adhesion promoter or sealant layer. This was not expected for such a Refinish coating
system. One of the middle layers contained fluorine, which was also not expected and
could be problematic with regard to longer-term adhesion. In summary, this study was
effective at detailing the overall system layering and composition. Inappropriate layers or
materials could be readily identified. 

This study demonstrates an important point where an investigator may need to exer-
cise caution in assuming that the OM imaging is always sufficient to detail the complete
coating system layering. Herein, ESEM could readily identify the number of layers based
on electron beam interaction with the polished surface of the cross-section. Also, the
associated EDS analysis could clearly differentiate the two layers based on their elemen-
tal composition. Note that both OM and ESEM imaging allows one to determine appar-
ent coating system layers thicknesses.
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Figure 10—(a) Optical microscopy (OM)
cross-section (normal 90º cut) of Refinish
field repair showing the apparent layers
based on visible range lighting. The layer
thicknesses are as follows: CC-1 = 30 µms;
BC-1 = 38 µms; PR-1 = 13 µms; CC-2 =
23 µms; BC-2 = 65 µms; CC-3 = 30 µms;
BC-3 = 43 µms; EL-1 = 10 µms. (b) ESEM
image of same cross-section. Note BC-1
from OM image is now showing two distinct
layers in ESEM image. 

Figure 11—EDS spectra from two layers that
compose the OM BC-1 layer. (a) BC-1a is
second layer from top. (b) BC-1b is third
layer from top. ESEM/EDS analysis can
readily differentiate two layers based on
interaction with the electron beam and ele-
mental composition.
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Case Study 6—Blisters and Corrosion

Blister formation due to substrate corrosion can be determined from the study of the
defect cross-section images and by systematic monitoring elemental composition of all
apparent layers or regions. Figures 12a and b give OM images showing the onset of oxi-
dation of a painted aluminum substrate in the field and same system prior to corrosion,
respectively. ESEM/EDS analysis of the region just above the substrate provides an inti-
mate look at the type of corrosion product, aluminum oxide in this case. Figure 13 gives
OM panoramic images showing oxidation of a steel substrate below a multi-layered coat-
ing system. The surface views clearly show blister formation, while cross-section views
show the locus and extent of the substrate corrosion. 

Even the relatively early stages of blister formation, which manifest as surface rough-
ness (morphology) changes, can be monitored with gloss or profilometry measurements.

Figure 12— Coach bus-coating system showing blister formation. The top (white) layer is a
monocoat. The second (gray) layer is a primer. The third (dark gray) layer is an anti-corrosion
primer. The substrate is an aluminum alloy. Image (a) cross-section shows evidence for corro-
sion under the primer layer. Image (b) cross-section shows a normal (no defect) paint system. 

Figure 13—A standard automotive OEM coating system exhibiting a corrosion-type
failure. Optical microscopy surface (topdown) views show examples of localized
blisters. Cross-section views provide a panoramic overview of a single blister show-
ing rust formation and system disruption.
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Figure 14—(a) OM cross-sec-
tion image of anti-corrosion
primer layer over metal (alu-
minum) substrate containing
bubble type defect. The bubble
extends from the substrate to
the surface of the primer;
(b) OM cross-section image of
multi-layered automotive coat-
ing system over metal (steel)
substrate containing bubble
type defect. The bubble extends
from the bottom to the top of
the aluminum flake BC layer. A
thin film of gray-white alu-
minum oxide is shown along on
the inside walls of the bubble. 

However, obtaining a cross-section will clearly document the underlying substrate corro-
sion. This helps determine if the anti-corrosion layer components are appropriate for
longer-term coating system durability or if a localized breakdown (e.g., micro-cracks,
missing or thin EC layer, trapped water in PR or EC layers, or substrate surface contam-
ination) had occurred.

Case Study 7—Bubble Type Defects

Bubble type defects can be imaged in cross-section using OM or ESEM methods.
Figure 14a provides an OM cross-section of a bubble-containing anti-corrosion primer
over an aluminum substrate. This bubble was introduced during primer application and
was quickly trapped while undergoing cure. Bubbles of this type can be significantly
smaller and appear as if suspended within a given layer. The common indication of these
defects is a slight rise of the layer surface over top of the bubble. Figure 14b provides an
OM cross-section of a multi-layered automotive coating system over a steel substrate
containing a bubble in the BC (colorant) layer. This imaging clearly shows the distribu-
tion of aluminum flake within the BC, as well as the shape and size of the bubble defect.
The inside surface of the bubble contains a thin film of gray-white aluminum oxide. This
was readily determined by using the cross-section in an ESEM/EDS analysis. The prob-
able cause of this defect is degassing due to poor or inappropriate aluminum flake passi-
vation. This sample contained many such defects suggesting that there was a gas produc-
ing reaction between the aluminum flake and binder components.

The presence of bubbles can be problematic for a coating system in several ways. The
initial diagnostic would be surface irregularities, but the leveling (rheology) of upper lay-
ers may initially conceal smaller bubbles. A cross-section of a defect area will clearly
show the size and locus of any bubbles. Over time a bubble may allow water easier access
to a metal substrate. This could result in subsequent and often early onset of corrosion.
Crack formation and propagation may result from bubbles at/near an interface. Thermal
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cycling (e.g., daily or seasonal) may accelerate such a breakdown. Degassing can be
caused by poor application of an anti-corrosion layer (e.g., zinc metal shards in a zinc
phosphate treatment layer). Rapid degassing can cause micro-channels to form, resulting
in water/contaminant access to the metal substrate. 

Case Study 8—Adhesion Failure Studies

Adhesion failures are observed to fall into several categories, including adhesive,
cohesive, or mixed (adhesive and cohesive). A case detailing adhesive failure of a paint
system over plastic substrate is shown in Figure 15a. The cross-section view clearly
reveals the delamination of the coating
system from the plastic substrate. After
(easily induced) delamination of the
coating system from substrate, a sol-
vent wash using (spectroscopic grade)
petroleum ether was done, the solvent
was evaporated leaving an oily residue,
and an IR analysis was done to identi-
fy the material. Figure 16a shows the
IR spectrum, which was consistent
with (primarily) poly dimethyl silox-
ane (PDMS). A case detailing adhesive
failure of the upper three layers
(CC/BC/PR) from the EC layer is
shown in Figure 15b. The cross-sec-
tion view clearly reveals the locus of
failure. After (easily induced) delami-
nation of the top layers from the EC
layer, both IR and EDS analyses were
done of the material at the surface of
the EC. Figure 16b shows the EDS
spectrum revealing mostly caustic
NaOH. Figure 16c shows the IR spec-
trum, which is also consistent with
NaOH. The source of the thin layer of
caustic was determined to be due to an
incompletely water rinsed caustic wash
solution. A case detailing cohesive fail-
ure of a PR layer within a full coating
system is shown in Figure 15c. The
cross-section view demonstrates the
breakdown of the PR layer. Often a
small region is pulled apart (forced
delamination) and IR and/or EDS
analysis is done to confirm the cohe-
sive nature of the breakdown.

Figure 15—(a) OM cross-section image shows adhe-
sive type adhesion (debonding) failure between plas-
tic substrate and a single layer soft touch coating sys-
tem; (b) OM cross-section image shows adhesive type
adhesive (debonding) failure between coating system
layers. The adhesion failure is between the EC and
PR layers; (c) OM cross-section image shows a cohe-
sive type failure in the PR layer. The breakdown is
within the PR layer and not at either the BC/PR or
PR/EC interfaces.
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Case Study 9—Photooxidation
Index Studies

Ford Scientific12,18,20 had developed a
simple, yet effective, way to rate and rank
automotive CC layer performance with
respect to (primarily) photooxidation and
hydrolysis. Figure 17 shows a photooxi-
dation index (POI) study comparing the
same CC with various levels of UV forti-
fication. An unfortified CC (no UVA, no
HALS) is compared with three levels of
fortification, including UVA-only, HALS-
only, and fully fortified (UVA and
HALS). Essentially, the total peak
envelopes of the hydroxy, amine, and car-
boxylic acid IR spectral components
(peak areas), [–OH, –NH, –COOH], are in
ratio over the methylenic peak envelop,
[–CH], and monitored as a function of
exposure time and conditions. This
approach has been useful in helping opti-
mize the UV fortification package to be
applied in a given commercial CC. This
type of analysis was amenable to depth
profiling. Figure 18 shows a network car-
toon with various stages of degradation
(i.e., photooxidation and hydrolysis).
Slab microtomy allowed sectioning
coplanar to the CC surface, providing a
series of slices throughout the CC. POI
calculations are readily obtained from
each IR spectrum in sequence. These
results provide a detailed look at pho-
tooxidation and hydrolysis at a given CC
depth. This permitted investigators a way
to monitor the effectiveness of a specific
UVA or HALS, a way to determine opti-
mum UVA and HALS concentrations, as

well as a way to compare co-polymerizable and co-condensable with standard (free add)
UVA and HALS species.

Depth Profiling—The Bigger Picture

This chapter highlights a variety of depth profiling applications in the study of auto-
motive finishes. Figure 19 provides a chart of common automotive coating system prob-

Figure 16—(a) IR spectrum obtained from petro-
leum ether (PE) solvent wash extract residue of
plastic substrate revealed following debonding of
the coating system. The spectrum is very similar
to that of poly dimethyl siloxane (PDMS) oil;  
(b) EDS spectrum of interface revealed after
debonding of paint chip containing CC/BC layers.
Primary elements observed include Sodium (Na)
and Oxygen (O); (c) IR spectrum of the same
revealed interface and spectral match (NaOH)
from MRL IR database.
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lems or failures, underscoring those where such depth profiling techniques have proven
effective in day-to-day problem resolution. Several categories were also given wherein
depth profiling was key in root cause identification or defect material characterization. 

Preparation of cross-sections for OM and/or ESEM/EDS analyses allows an efficient
way to determine system details such as layer thickness, non-uniformity in layer thick-
ness, strike-in (extensive mixing) between layers, number of coating system layers, and
defect (size, shape, number, and elemental composition) analysis.

The information obtained (to date)
by chemical depth profiling falls into
various categories. Included among
them have been the following: (a) gen-
eral chemical composition; (b) pigment,
microgel, mica, or metal flake type and
concentration; (c) UVA, HALS, or cata-
lyst type and concentration; (d) chemi-
cal degradation; (e) solvent trapping; (f)
crosslinker distribution; (g) wet-on-wet
binder/component mixing; and (h) com-
ponent migration.

In the case of tracking UV-absorber
depth profiles, a variety of issues have
been involved. The key issues include
the following: (a) performance of CC
(or BC) in longer-term field applica-
tions; (b) photo-stability (primarily)
and (in general) resistance to chemical
degradation; (c) thermal permanence;
(d) migration; (e) solubility; and (f)
segregation.

A broad range of measurement tech-
nologies has been utilized thus far.

Figure 17—Photooxidation
index (POI) study comparing a
fully fortified (containing both
HALS and UVA) experimental
acrylic-melamine-styrene auto-
motive coating system CC vs. the
same with HALS-only fortifica-
tion, UVA-only fortification, and
unfortified (no HALS or UVA).
The fortification levels are con-
sistent with commercial systems.

Figure 18—Cartoon illustration of automotive CC
network that is undergoing degradation, leading to
material erosion. The star symbol indicates scission
of chemical bonds.
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They include IR and Raman (for tracking general chemistry); UV-Vis and HPLC (for
tracking UV-screener type/content); AA and ICP (for tracking catalyst or crosslinker lev-
els); DSC (for tracking Tg values or crosslinker type); potassium ionization of desorbed
species (K+IDS) mass spectrometry (for tracking species migration and degradation
products); ToF-SIMS and ESCA (for tracking degradation products); optical microscopy
(for tracking 3D morphology, layer thickness, and defect location); ESEM (for tracking

Figure 19—Summary of common automotive coating system prob-
lems or failures. Those items that are in bold/underscored are peri-
odically associated with aging, durability, and SLP issues.

Figure 20—An overview for an automotive coating system and associated
defect analyses that go beyond the Stage-1 testing. These category listings
are not meant to be all-inclusive, but to give a sense of the range of meas-
urement technologies employed. 
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3D morphology, layer thickness, and defect location); and EDS (for tracking elemental
composition at a given locus or in area mapping). Figure 20 offers an overview of meas-
urement technologies available that go well beyond the Stage-1 analytical toolbox.

SUMMARY

Locus specific analysis of multi-layered automotive coating systems has permitted
investigators access to various types of depth dependent information. Studies included in
this manuscript focused on the following reasons for chemical profiling as a function of
depth: surface/near-surface composition elucidation; component distribution, gradient or
migration monitoring; domain mapping in 2D or 3D; interface or interphase characteri-
zation; network crosslinking density profile determination; locus and mode of adhesion
failure analysis; contaminant identification and mapping; and polymer, network, or addi-
tive degradation tracking. The Stage-1 analytical toolbox includes a simple, yet effective,
group of sampling techniques and measurement technologies. These capabilities are now
business critical in reducing the paint/coating product development timeframe, permit-
ting more realistic service life predictions, and troubleshooting in day-to-day plant/field
problem resolution.

Many of the cases presented show how the Stage-1 analytical toolbox can give inves-
tigators the ability to better understand the impact of various material locus factors on
coating system function and longevity. The combination of the IR, UV-Vis, OM, and
ESEM/EDS measurement technologies has proven effective and critical to success in the
automotive finishes markets. 
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INTRODUCTION

There are many challenges to developing architectural coatings for exterior applica-
tions. The array of surfaces to be coated in architectural applications can be particularly
challenging, ranging from wood to cementitious to metallic. For any one of these, there
are a diverse number of subtypes and unique challenges that exist. For example, many
species of wood with widely varying properties, which ultimately influence service life,
have been used in construction over the years.1 Furthermore, any of these types of wood
may be a part of pristine new construction or remodeling efforts where the integrity of
the surface may be compromised through aging or a buildup of previous coatings. A
superior coating must first adhere to the substrate being coated and then withstand the
sun’s radiation, airborne contaminants, wet and/or dry conditions, thermal cycling,
mechanical stress, and biological attack. Climates vary considerably as a function of
geography, as well as from year to year at a single location. Moreover, a single geograph-
ic location may contain several microclimates dependent upon direction or orientation of
a coated surface or even proximity to specific structures or landforms. There are numer-
ous descriptions of these conditions in the literature with a recent review given by
Martin2 and new details regarding the complications of angular dependence given by
Hardcastle.3
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Development and Deployment of a 
High Throughput Exterior Durability Program 

for Architectural Paint Coatings
Edward A. Schmitt
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727 Norristown Rd., Spring House, PA 19477

This chapter describes a new high throughput system for evaluating the exteri-
or durability of architectural coatings undergoing natural weathering. The
motivation for the design and deployment of this system is the ability to better
understand the range and distribution of real world performances by testing
more exposure scenarios than would be possible by traditional means. The sys-
tem integrates inventory management, sample handling and tracking with auto-
mated data acquisition, analysis and archival capabilities including the use of
environmental sensors, machine vision, and informatics. One of the unique
characteristics of this system is that not only does it facilitate the evaluation of
more samples per unit time per unit resource compared to traditional methods,
but produces more objective data per sample analysis.



In order to assess the performance of an architectural coating and its suitability to a
particular application, one often exposes the coating of interest to either artificial or nat-
ural weathering conditions while monitoring physical or chemical changes in the coating.
The nature of these changes is dependent upon the mode of failure and failure mecha-
nism. Examples of failure modes include blistering, cracking, mold growth, chalking,
tannin staining, gloss loss, and tint loss. The mechanisms leading to these failures are
inevitably complex, and in many cases there are competing pathways that are influenced
by chemistry, formulation, the particular application, and a changing environment.  

In the case of artificial or laboratory exposures, one of the goals has been to create
apparatus and protocols to, in many cases, accelerate the onset of failure while produc-
ing repeatable experimental conditions. The achievement of this goal has been met with
varying degrees of success.4,5 Ultimately, one would like to be able to accurately predict
from these experiments the real world performance of a particular coating.  

For natural weathering, climatic variation over time and location makes it virtually
impossible to repeat an experiment, and, hence, the absolute performance results. On a
practical level, however, the process of developing new and hopefully better architectur-
al coatings often involves simultaneously testing several coatings, typically the result of
an experimental design to probe the effects of specific variables like chemistry or formu-
lation. In this case, the relative performance or rank order of the coating’s performance
with respect to the experimental design is of interest. The information from this type of
experiment is easily augmented by the inclusion of specific extensively studied coatings
that are used as pass or fail controls for failure modes of interest.

An operative definition of an exposure scenario is a coating over a single substrate
type that is exposed at a single location and direction. Over time, a sample exposed in
this way will be subjected to a changing environment that could be described in terms of
variables such as temperature, moisture, radiation, airborne contamination, and many
others. If the multidimensional space defined by these variables is referred to as exposure
space then the evolution of these variables over time for a coating being tested may be
referred to as an exposure trajectory. 

Because of the previously described diversity of application and environmental vari-
ables, it is often important to study a coating of interest under a number of exposure sce-
narios. The number of individual exposure scenarios and, likewise, tests, grows geomet-
rically as more variables are probed. The number of individual exposure tests would be
given by the following equation.

Nexposure tests = (Ncoatings) x (Nlocations) x (Ndirections) x (Nsubstrates)

For a modest hypothetical study involving 32 coatings on eight different substrates
exposed at four locations, in four different directions, there are 4096 individual exposure
tests being conducted. Each coating in this study is in fact subjected to 128 different
exposure scenarios defined by 128 unique combinations of location, direction, and sub-
strate. A distribution of absolute performances as a function of time for a single coating
or relative performances for all coatings is thusly defined over the exposure space sam-
pled by the 128 individual trajectories. Re-exposing the samples under the same expo-
sure scenarios gives rise to new trajectories, helping to better define the range and distri-
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bution of performances. In principle, these distributions are analogous to the distributions
one might find in real world applications. In practice, however, the choice of exposure
scenarios is often weighted more towards those extreme conditions that are known to
elicit the presentation of particular failure modes.

One’s ability to predict the range or distribution of “real world” performances of an
architectural coating, based upon the results of a single exposure trajectory whether nat-
ural or artificial, is limited to those cases where there is a dominant well-understood fail-
ure mechanism. Similarly, the prediction of a range or distribution of “real world” per-
formances under different exposure scenarios where there are competing degradation
pathways and multiple modes of failure is likely to require the sampling of multiple tra-
jectories over a larger exposure space.

A coating’s performance is often assessed quantitatively over time using either instru-
mental methods or by a rating system in conjunction with human observation. In the first
case, there are the usual sources of noise in the measurement that can be minimized by a
number of best practices like regular calibration. In the latter case, there are additional
sources of variability associated with any subjective rating system that relies upon human
observation. For example, there is variability in one person’s ability to rate performance
due to factors like lighting conditions and fatigue. Another source of variability results
from the way different people perceive and consequently rate a coating’s performance.
To some extent this can be minimized through extensive training, round robin testing of
replicate samples, and retraining. However, there will always be an element of subjectiv-
ity involved.  Unfortunately, many failure modes observed for architectural coatings can
only be rated visually. 

In order to improve ones ability to understand, and hopefully one day model and pre-
dict the range and distributions of an architectural coating’s “real world” performance, a
number of capabilities are needed. A short list of some of these needs follows.

(1)The ability to sample large representative exposure spaces over multiple trajectories

(2)The ability to quantitatively characterize those trajectories

(3)The ability to assess performance objectively and reproducibly

(4)The ability to assess performance frequently

(5)The development of models that explain and predict the evolution of a coating’s
performance from an exposure trajectory

In short, items (1) through (4) call for more experiments with higher quality assess-
ments that are made more often. At a time when costs are constantly being driven out of
the development process, this can only be accomplished by improvements in efficiency.
This chapter describes a high throughput system aimed at meeting these first four needs.
With additional work, over time, the data generated should facilitate the development of
new, better models for predicting the range and distribution of an architectural coatings
performance.

DESCRIPTION OF THE SYSTEM

Rohm and Haas Company has developed a high throughput system, eXposure
Vision™, for the analysis of a coating’s exterior durability.6 The product of any success-
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ful high throughput system is actionable information that can be used to make sound
decisions during a new material’s discovery and development cycle. For a large exterior
exposure program, achieving high levels of sustainable throughput requires a highly inte-
grated comprehensive systems oriented approach. The eXposure Vision system integrates
inventory management, sample handling and tracking with automated data acquisition,
and analysis and archival capabilities including the use of environmental sensors and
machine vision. Results are accessed through the system’s informatics capabilities, pro-
viding for the rendering and visualization of the data generated along with contextually
relevant chemistry and formulation data. 

Sample Management

In its present configuration, the system is optimized to handle coated substrates which
have nominal dimensions of 36” x 6” x 0.5”. Each substrate is divided into six distinct
test areas. Information about the substrate type, coatings being tested, and exposure sce-
nario are associated with a unique identity for each substrate and stored in a primary SQL
Server database. An RFID (radio frequency identification) tag is attached to the back of
each substrate, providing a machine-readable identity and linkage to the information in
the primary database. Samples are transported using specially designed carriers that hold
12 substrates each and golf carts modified to transport four carriers simultaneously. There
is a one-to-one correspondence between this configuration and the physical layout of the
racks where the samples are exposed.

Environmental Sensors

The basis for the environmental sensor subsystem is a HOBO™ weather station pro-
duced by the Onset Corporation that measures ambient temperature, humidity, rain fall,
wind direction, and speed. HOBO silicon pyranometers, leaf wetness sensors, and tem-
perature probes mounted in black copper discs are mounted in vertical south facing, 45°
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Figure 1—Weather station and directionally dependent sensors.



south facing, and vertical north facing orientations and directions. This weather station
and directional dependent sensors are shown in Figure 1. The pyranometers have a spec-
tral response in the 300 to 1100 nm range. Readings from each of these sensors are
logged hourly and transferred to the primary database twice a day.

Automated Board Scanner

The ABS (Automated Board Scanner), depicted in Figure 2, acquires images of the
samples and stores them in a separate image database. A carrier containing 12 substrates
(72 samples) is manually placed in the automated board scanner, and the “Go” button is
clicked on the software. The ABS selects one substrate at a time from the carrier, identi-
fies it via the integrated RFID reader, and moves it into a controlled lighting environment
where each sample area is imaged by one of six Pixelink model PL-A782 6.6 megapixel
color firewire cameras. The images are automatically stored in the database and the sub-
strate returned to the carrier. The ABS then proceeds to the next substrate. The entire
process proceeds under computer control. The total time required to image the 72 sam-
ples is approximately 10 minutes. 

Machine Vision

The MV_Engine is a computer program that analyzes images in the image database
and stores the results in the primary system database. It also reduces the resolution of the
images to approximately one-fourth of the resolution of the original image and stores
these de-resolved images in the primary system database. The MV_Engine is designed to
operate in a distributed computing environment. Multiple instances of the program can
run on multiple CPUs of a single computer and/or on multiple computers within the sys-
tem’s high-speed 1 gigabite network. A scheduling program, which is aware of these
instances, dynamically assigns the analysis of images to each instance. 
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Figure 2—Automated Board Scanner, board carrier, and cameras.



There are two discrete paths for analyzing the performance of coatings from images.
The first involves the analysis of the overall characteristics (background) of the coatings
appearance. For example, environmental contamination on a white coating can be
tracked by monitoring the whiteness of the sample relative to its original state over time.
Tint retention, staining, and yellowing can be tracked analogously. The second analysis
path involves identification and classification of discrete features or defects in the image.
This is accomplished by first separating the defects from the background using an adap-
tive thresholding algorithm. Once identified, a number of descriptive metrics are calcu-
lated for each defect. Select metrics are then used to classify each defect. Examples of

402

Figure 3—GAMES rendering of chemistry and performance as a
panel layout where performance metrics are colored to indicate
performance. If the user moves the time slider forwards and
backwards in time, the display is instantly re-rendered.

Figure 4—Example of the depiction of images in GAMES.
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defect classes include cracks, flakes, and spotty mildew. The number, size, and spatial
distribution of specific defects are used to assign an objective rating from 0 (worst) to
100 (best) for a particular failure mode. Additional information, related to the statistical
distribution of defect characteristics like size, may be calculated if desired. 

Informatics

All of the data is accessed using a desktop client, GAMES (Green Acres Machine
Vision Explorer Suite). A user may use GAMES’s database searching capabilities to find
series of interest in the primary system database. Once selected, the data for that series is
downloaded by GAMES, organized, and rendered to the screen depending upon a per-
son’s particular needs. All data is organized according to an exposure hierarchy (location,
direction, substrate type, panel number, and panel area), and this hierarchy is then ren-
dered to the user interface as a familiar navigation tree. The user navigates through the
data by selecting branches and nodes of the tree as desired. GAMES renders the data as
either a panel layout, spreadsheet, graphically, or as images. GAMES provides access to
chemistry, formulation, and other properties of the coatings, allowing the user to select
the properties of interest and add them to the particular rendering. An example of this is
given in Figure 3. By drilling down to the panel level in the navigation tree, the images
for that panel are rendered as shown in Figure 4. The user may choose to look at a spe-
cific test area, and may go forward and backwards in time to watch the evolution of
defects over time.

DEPLOYMENT SUMMARY

Presently, over 5,000 samples are undergoing testing in the system, with over 100,000
images collected thus far. It is anticipated that this sample load and throughput level will
triple over the next two years as new samples enter the system for testing. As a matter of
practice samples being tested facing south at 45° are imaged approximately every 30
days, with north and south vertical exposures imaged at approximately 60-day intervals.
Many of these images are currently being used to calibrate and optimize the MV_Engine.
The details of this process will be the subject of a future publication. 

While still in the early stages of deployment, there have been a few unforeseen bene-
fits of the system, mostly related to the increased frequency of measurement. For exam-
ple, on a number of occasions, coating failure has been detected months earlier than it
would have been if semi-annual or annual measurements were being made. For some
highly specialized studies, weekly measurements have been made with the observation
of relatively dramatic coating changes within a week’s time period. Moreover, there is at
least anecdotal evidence at this point suggesting that these changes may be related to spe-
cific climatic events.
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INTRODUCTION

The quality of a coating is often based on its barrier properties. The topcoat lifetime
ends when water and oxygen access the substrate in sufficient quantity and with suffi-
cient continuity to allow corrosion at a metal substrate or delamination or other break-
down mechanism of various nonmetallic substrate material. The advances in robotics and
combinatorial methods have opened opportunities to develop methods to quickly quanti-
fy responses of large numbers of coating samples. Experimental procedures that can be
done quickly with many samples concurrently need to be developed to quantify coating
quality, allowing at very least a rapid ranking. Several properties that are considered rep-
resentative of the initial quality of a barrier coating are diffusion coefficient, saturation
water volume fraction, and electrical properties such as relative dielectric constant and
resistivity. In this chapter, the focus will be restricted to those properties assessed through
single frequency measurements, since electrochemical impedance spectroscopy (EIS) is
a standard technique for ranking coatings (for example, Scull,1 Thomas,2 Thu,3 and
DeRosa4).
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A high throughput experimental procedure and analysis method based on elec-
trochemical impedance spectroscopy (EIS) was developed to evaluate barrier
coatings. This procedure is designed to generate parameters for bulk coating
simulations, as a combinatorial method to rank coatings, and a means of
understanding percolation within coating materials. The ability to examine
large numbers of samples allows comparison of the variation in coating quali-
ty. The procedure begins with a single frequency measurement of the imped-
ances as water is added to the cell. The EIS response is based on water intru-
sion into the coating. The second stage is a standard EIS spectrum taken after
the coating has been exposed to water for an extended period of time and the
coating has achieved saturation. Analysis of the time evolution of the single
frequency data is accomplished with a computer code written to regress the
single frequency impedance to estimate such parameters as saturation volume
fraction of water, diffusion coefficient (and any anomalous behavior related to
electrolyte transport), and relative dielectric coefficient. The potentiostatic fre-
quency spectrum measures the bulk property of resistivity and pore resistance.



For Fickian diffusion, the water flux, J, is proportional to the diffusion coefficient, D,
and the gradient in the water concentration, C, as given in equation (1).

(1)

When the flux of water is the limiting ingredient to corrosion, the corrosion rate is pro-
portional to the flux and the water that reaches the substrate is immediately consumed
(zero concentration boundary condition), causing corrosion or other substrate degrada-
tion. Thus, as a particular limiting case, corrosion rate is proportional to the diffusion
coefficient. 

The saturation concentration, when all water reacts with the substrate (Csubstrate~0), is
also proportional to the flux of water and thus corrosion rate [equation (2)].

(2)

The diffusion coefficient and saturated water volume fraction can be measured by sin-
gle frequency EIS. Additional information on the initial quality of a coating can be ascer-
tained from the potentiostatic spectra; in particular, the low frequency defines the acces-
sibility of ion transport to the substrate. Thus, in the simplest case described above, the
saturated water volume fraction, diffusion coefficient, and electrical properties can be
used to rank the initial quality of coatings. 

Single frequency measurements are taken at high frequency and these result in low
impedance. Thus, small cells are possible, whereas low frequency measurements are not
possible for high impedance coatings with small area cells due to low current detection
limits. Low impedance measurements are necessary in order to measure with the multi-
plexer, which due to internal impedances reduce the lower current level by roughly an
order of magnitude. The high frequency method thus allows the use of small sample sizes
and normal coating thicknesses, which is not possible for low frequency samples.

METHOD—EXPERIMENTAL

The combinatorial device developed to measure up to 12 coated samples concurrent-
ly is shown in Figure 1. The coated metal panels are the working electrode and contact
is made by the springs on the lower plate. The gasket seals the upper portion of the well
to the coated metal panels. The Pt-counter electrodes and small reference electrodes are
set in from on top and are not shown.

An extended life fluoro-polyurethane topcoat (DEFT 99-GY-1 ELT) and a
polyurethane unicoat (DEFT 03-GY-374 Navy TT-P-2756 PUR) coating have been test-
ed. The metal panels (Al 2024) were 20 mm x 40 mm. The coated metal panels were spin-
coated to minimize thickness variations over the panel. The coatings were cured accord-
ing to the manufacturer’s specifications. Dilute Harrison’s solution was used as the elec-
trolyte for EIS measurements.

The test procedure consisted of single frequency (1 KHz) measurements of the imped-
ance in 1-min increments over a period of 24 h, beginning as electrolyte is added to the
cell. The EIS response was interpreted based on water intrusion into the coating. After
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the 24 h to saturate, or approach saturation, a potentiostatic spectrum was taken. Future
tests may include accelerated weathering of the panels followed by a repeat of the above
procedure to identify degradation in these three measured parameters.

METHOD—NUMERICAL

The diffusion coefficients were calculated from the single frequency capacitance
measurements taken over time at room temperature. Water ingress into a planar system
was solved for a fixed surface concentration and there was no flux at the substrate inter-
face using a series solution,5 as shown in equation (3). Coating systems are well repre-
sented by the one-dimensional diffusional equation due to the nearly infinite lateral
extent relative to the thickness.

(3)

M is the mass of diffusant (water), L is the thickness of the coating, D is the diffusion
coefficient, and t is time. The subscripted variable indicates that property under one of
the following conditions: saturation refers to steady-state water concentration in the coat-
ing under immersion, and dry refers to steady-state water concentration (bound water
only) at the given temperature and in a desiccated environment. The additional term sug-
gested by van Westing6 for swelling, SCc, (notation from original source) is included in
our program setup but not used in this study. This leads to the following equation:

(4)

The premise of the model is that the polymer contains void inclusions that are initial-
ly filled with air or exist empty. During the diffusional process the voids become filled
with water and are assumed not to change size appreciably.7-8 Usually referred to as the
Brasher-Kingsbury approximation, the assumptions necessary are that the water is dis-
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Figure 1—Electrochemical set up used for
high throughput EIS measurements.



tributed as homogeneous and spherical inclusions. The volume fraction (ϕ) of void
replaced by water is given in equation (5).

(5)

C is the capacitance and εR is the relative dielectric constant. Equation (5) is normalized
to the volume fraction of water at saturation, resulting in the first portion of equation (6).
It is assumed that the volume fraction of water is equal to the mass fraction of water.
Solving equation (5) for the capacitance as a function of time results in equation (6), and
is also interpreted as the logarithmic average of the dry polymer capacitance and the
water-saturated polymer capacitance.

(6)

The single frequency capacitance with time is fit to the combined equations (3) and
(7), which generates predictions for the saturated and dry capacitance of the polymer, the
diffusion coefficient, the “swelling coefficient” of van Westing et al., and by applying
equation (3), the water volume fraction. 

(7)

RESULTS

Thus far, numerous thicknesses of an extended life fluoro-polyurethane topcoat
(DEFT 99-GY-1) denoted as ELT, and a polyurethane unicoat (DEFT 03-GY-374 Navy
TT-P-2756) denoted as PUR, coating have been tested. The small size of the test panels
(20 mm x 40 mm) and the possibility of testing multiple samples simultaneously allow
for a systematic investigation of EIS parameters on the dependence of film thickness. 

It appears that coatings with thicknesses below 50 µm have reasonably constant dif-
fusion coefficients, while those of greater thickness have a diffusion coefficient that is
increasing with thickness (see Figure 2). This result is counterintuitive since one might
expect that the thicker the coating, the lower its permeability. One possible explanation
for this trend may be the presence of more prominent solvent escape paths formed dur-
ing the coating’s drying period that might flaw thicker coatings. Other possible causes
will be discussed later. 

The water volume fractions, shown in Figure 3, for various thicknesses are nearly
constant. The water volume fraction is slightly less for the ELT compared to the PUR.
The slight increase in water volume fraction for the thick samples is consistent with the
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proposition that solvent escape paths are larger for thicker coatings. The scatter in the
water volume fractions may allow the identification of samples containing flaws, and
when large numbers of replicates are measured, the propensity of a coating system to pro-
duce defects can be analyzed statistically. This would allow the estimate of number of
flaws expected per unit area for a given coating thickness, which is another useful but
often overlooked metric of coating quality.

The dielectric constant of the coatings also changes with thickness (Figure 4), show-
ing higher values for thinner coating samples. All samples have been coated via spin
coating, and it might be plausible that the centrifugal forces led to a distribution profile
of the pigments that might be different for different thicknesses. This may explain the
higher relative dielectric at lower thickness since the dielectric constant is a material
property that encompasses contributions from pigments with very high relative dielectric
constant, binders with very low relative dielectric constant, and water inclusions. Since
the trend is also observed for the relatively dry coatings at the beginning of electrolyte
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Figure 2—Diffusion coefficient based on EIS response for various coating thicknesses.

Figure 3—Calculated water volume fraction based on Brasher-Kingsbury formulation.



immersion, there is a possibility that this trend is not necessarily a result of the coating’s
pore structure. For Figure 4, ELT relative dielectric constant and thickness above 65 µm
was actually generated in two batches. One batch consisted of coating thicknesses from
65 to 85 µm, which showed very low dielectric, 3–3.5 for the dry condition, and 4–5 for
the saturated condition. One possible explanation is that this batch had been insufficient-
ly dispersed, and was depleted in pigments. This is being investigated.

A further issue that might be relevant to all the properties is that our EIS method is
based on the assumptions of the Brasher-Kingsbury formulation, which necessitates a
homogeneous distribution of water in the coating, as well as discrete water inclusions.
However, if our coating systems exhibit pore structures that differ from the assumed
model (at least for certain film thicknesses), the result might be a trend such as observed
in the present data sets. Possible issues include pore formation (perhaps due to solvent
escape or pigment clumping), which overestimates water volume fraction.9 Other possi-
ble explanations include Type II diffusion, rough surfaces impacting diffusion and EIS
response, and bound water. Bound water is the water that is significantly impacted by
hydrogen bonding with the polymer matrix and thus is less able to reorient under the
influence of the alternating electric field resulting in a lower relative dielectric for this
water. Diffusion in hydrophilic polymers increases with increase in water concentration10

and, conversely, the diffusion coefficient would decrease with water concentration in
hydrophobic polymers. Another mechanism for changing the water diffusion in polymers
is the lowering of the glass transition temperature—plasticization—which as a feedback
mechanism allows more water into the polymer. This is often identified as Type II diffu-
sion. As the coating swells and increases in thickness, the capacitance would decrease for
the same water concentration based on the simple planar capacitor. The water volume
fraction must therefore increase at a greater than linear rate in order to result in a net
increase in capacitance for this explanation to be plausible.
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Figure 4—Relative dielectric coefficient based on the measured capacitance extrapolated back to dry
conditions and fit to the measured saturated capacitance.
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SUMMARY

The combinatorial EIS method is an effective means to quantify various coatings’
parameters. The ability to test large numbers of samples is leading to insights into water
distribution as a function of coating thickness. Replicates allow quantification of the vari-
ability of the coating between panels and help to quantify coverage over surfaces. This
allows the comparison of coatings based on their quality of coverage as noted for the
lower thickness ELT coatings.

This series of tests was designed to validate the method and combinatorial instrument
as a means to rank coatings. Though the method continues to give insights and satisfies
the criterion of a relatively high number of samples measured concurrently necessary for
combinatorial measurements, the results thus far have also elicited questions. Further
investigations continue regarding whether the dependence of the parameters investigated
on thickness is real or an aspect of the method. Preliminary gravimetric measurements
support the thickness variation in diffusion coefficient.

The objective of the combinatorial method is to compare coatings, and from the
results, the ELT has lower diffusion rates and lower water volume fraction at saturation
with less variance. The measurement of two coatings predicts the ELT to exceed the PUR
in barrier performance, at least initially, due to its lower diffusion coefficient and water
volume fraction at saturation. The secondary aspect of the investigation leads to the
apparent dependence of ranking parameters on the thickness of the coating.
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INTRODUCTION 

In the materials industry today, there is a growing need to efficiently and rapidly intro-
duce new products into the marketplace. This need has spurred the development of high
throughput research in product development and testing, which has built upon methods
originally pioneered by the pharmaceutical industry. In the last five years, an upswing has
occurred in high throughput and combinatorial methods applied to polymeric materials.1-6

Many of these methods involve fabrication of specimen libraries and screening for desired
properties. 
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In response to industry requests for a service life prediction methodology
capable of generating timely, accurate, and precise service life estimates for
polymeric materials, a high throughput system for controlled, uniform acceler-
ated weathering has been implemented and an automated material characteri-
zation laboratory is being developed at NIST. The weathering device, known as
the NIST SPHERE (Simulated Photodegradation via High Energy Radiant
Exposure), has the capability of irradiating >500 specimens with uniform,
ultra-high intensity ultraviolet (UV) radiation while simultaneously and inde-
pendently subjecting them to a wide range of precisely controlled temperature
and relative humidity environments. Chemical and physical changes in the
exposed specimens will be analyzed in an automated analytical laboratory
equipped with multiple instruments that is currently under development. An
informatics system is being designed and developed to control and monitor the
operation of the SPHERE and the automated analytical laboratory, as well as
to store and analyze the collected environmental and analytical data collected
from the UV weathering device and the analytical instruments. This chapter
describes the integrating sphere-based weathering system and the anticipated
capabilities of the automated analytical laboratory and the informatics system.



In response to industry requests for a service life prediction methodology capable of
generating timely, accurate, and precise service life estimates for polymeric materials,
new technology for high throughput accelerated weathering has been developed at NIST.
This advanced high throughput system is comprised of an integrating sphere-based UV
weathering device, an automated analytical laboratory, and an informatics system.

The integrating sphere-based weathering device, known as the NIST SPHERE
(Simulated Photodegradation via High Energy Radiant Exposure), is based on integrat-
ing sphere technology that ensures that all of the exposed specimens are uniformly irra-
diated. The NIST SPHERE has the capability of irradiating >500 specimens with uni-
form, ultra-high intensity ultraviolet (UV) radiation while simultaneously and independ-
ently subjecting them to a wide range of precisely controlled temperature and relative
humidity environments. 

Chemical and physical changes in the specimens exposed on the SPHERE are cur-
rently analyzed manually using gloss measurements, infrared spectroscopy, and UV-vis-
ible spectroscopy. The time required for the manual analysis of 500+ specimens is
immense and will occupy a great deal of researcher and technician time. In order to cir-
cumvent this bottleneck, a high throughput automated analytical laboratory (AAL)
equipped with multiple analytical instruments has been designed and is being built at
NIST. It will measure chemical and physical changes in the specimens following accel-
erated weathering on the SPHERE.

In order to handle the extremely large amounts of data and numerous spectra that will
eventually be generated in the AAL, an informatics system is being developed that will
control and monitor the operation of the SPHERE and the AAL, and also store and ana-
lyze the collected data from both the SPHERE and the analytical instruments. A user
interface will allow researchers to retrieve, process, and analyze the data archived in the
informatics system. 

This chapter describes the capabilities of the SPHERE, the AAL, and the informatics
system, as well as the anticipated impacts of the NIST high throughput system for accel-
erated weathering and automated characterization of polymeric materials.

INTEGRATING SPHERE-BASED WEATHERING DEVICE

The NIST SPHERE is an accelerated weathering device based on a 2 m diameter inte-
grating sphere equipped with a high intensity UV light source and environmental cham-
bers, as shown in Figure 1. The integrating sphere is constructed from modular panels,
allowing individual panels to be removed as needed for modification or repair. The exte-
rior shell of the sphere is aluminum, and the interior surface is lined with poly(tetrafluo-
roethylene) (PTFE), which has the highest Lambertian reflectance of any known materi-
al in the spectral range between 290 nm and 400 nm. The sphere currently contains thir-
ty-two 11.2 cm diameter ports, and a 61 cm diameter top port to accommodate the UV
light source. 

UV LAMP SYSTEM: The lamp system that serves as the source of UV radiation is a
microwave-powered lamp system with an output in the region between 290 nm and 400
nm. Six lamp modules are incorporated into a custom-engineered light shield and are
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symmetrically arranged around the top
port of the sphere. The total output flux
of the six lamps operating at 100%
power is approximately 8400 W in the
spectral range between 290 nm and 400
nm. The electrodeless bulbs used in the
lamp system consist of sealed quartz
tubes that are filled with mercury vapor,
argon, and trace amounts of metal
halides, and are powered by microwave
excitation. Each bulb is located inside
an elliptical reflector assembly coated
with a proprietary dichroic coating that
removes 80–90% of the infrared and
visible emissions. A longpass filter is
also installed in the optical path
between the UV lamp system and the
integrating sphere to remove radiation
below 290 nm, the value generally accepted as the terrestrial cut-off wavelength.7

Collimation and conveyance of the highly uniform radiation emitted from the sphere
port to the specimen chambers is accomplished with minimal loss of uniformity and
intensity using compound parabolic concentrators (CPCs). The narrow end of the CPC is
located at the exit port on the surface of the SPHERE, while specimen holders are
secured on the wide end.

Using both a NIST-calibrated UV-visible spectrometer and a commercial hand-held
radiometer, the total integrated output intensity at the end of the CPC has been measured
to be (479.0 ± 0.2) W/m2 in the range between 300 nm and 400 nm. As a basis for com-
parison, the integrated direct normal spectral irradiance of the sun between 300 nm and
400 is roughly 22 W/m2, according to ASTM.8 Spectral UV intensity measurements
were taken at 98 points systematically distributed over the output plane of several CPCs
with all six lamps running at 100% power. Results showed that the average uniformity
over all 98 points within the exposure area is 94.0% ± 3.4%. Figure 2a shows that the
UV-visible spectra measured at the center points of 14 different CPCs are virtually non-
distinguishable. The integrated intensities at the center points of these ports fall within an
extremely narrow range, as seen in Figure 2b. The data from this series of measurements
led to the conclusions that both the intra-port uniformity and inter-port irradiance unifor-
mity of the integrating sphere output are extremely high.

ENVIRONMENTAL CHAMBERS: Characterization of UV radiation effects on materials
requires that specimens be irradiated over a range of exposure conditions. This has been
accomplished by equipping each port with a specimen holder enclosed in an environmen-
tal chamber in which temperature, relative humidity, and UV-visible irradiance can be
precisely and independently controlled. A schematic of a typical specimen holder is
shown in Figure 3. Similarly-constructed filter holders are often paired with specimen
holders, shown in Figure 3b, so that both the intensity and the spectral properties of the
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Figure 1—NIST SPHERE, showing UV light source
and environmental chambers.



incident UV radiation can be manipulated as described in the previous paragraph. Both
specimen and filter holders can be custom-engineered to a particular material or experi-
ment. To reduce human error and improve the quality of the data, the samples will be
tracked by barcodes during the manufacturing process, SPHERE exposure, and analyti-
cal measurements.

Within the environmental chamber, temperature can be controlled between 25°C and
75°C with a precision of ± 0.1°C. Relative humidity is controlled by the controlled mix-
ing of saturated and dry air streams and can be varied between 0% RH and 95% RH with
a precision of ± 2% RH. The spectral irradiance to which each specimen is exposed can
be modified by inserting bandpass filters and/or neutral density filters in front of the spec-
imen holders, to allow the effect of wavelength and intensity, respectively, to be studied.
With 32 ports and the capability of exposing 17 or more specimens in each port, the
responses from all of the treatment levels in a designed experiment show a multiplicity
of environmental conditions that can be evaluated simultaneously. 

MICROPROCESSOR CONTROL SYSTEM: Temperature and relative humidity are moni-
tored and controlled via a custom software package implemented using a microprocessor
contained in a microcontroller assembly. At the present time, each microcontroller has an
address and is on a RS485 communications network; efforts are underway to upgrade to
a TCP/IP network system. Temperature, relative humidity, and ultraviolet radiation irra-
diance measurements are recorded every 6 min and archived in the informatics system.
The total time that the UV-visible radiation is incident on the specimens is also recorded.

SPHERE SAFETY: The performance of the SPHERE is monitored continuously by
measuring the output of a multitude of sensors connected to a microprocessor. Pressure,
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Figure 2—(a) UV spectral
intensity distribution meas-
ured at the center points of
14 CPCs, showing all
curves superimposed, and
(b) total integrated intensity
at the center points of 14
CPCs. Error bars represent
± one standard deviation.
No error bars are shown on
the spectral intensity distri-
bution diagram since these
spectral exhibited essential-
ly no variation.
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air flow, and temperature at multiple points in the SPHERE system are measured and
stored. Fail-safe conditions such as high temperatures, component failure, or zero air
flow will trigger an alarm, cause the SPHERE system to shut down, and display an alert
message.

AUTOMATED ANALYTICAL LABORATORY

Since its fabrication, the NIST SPHERE, in conjunction with a reliability-based serv-
ice life prediction methodology developed at NIST, has been used in weathering studies
of polymeric materials.9-12 At the present time, specimens exposed on the SPHERE must
be periodically removed and mounted on a series of analytical instruments for character-
ization and analysis. The large number of specimens exposed on the SPHERE at any
given time and having each analytical instrument located in a different laboratory makes
the analyses extremely time consuming. The goal of the automated analytical laboratory
(AAL) is to automate and accelerate the processing of these analytical measurements. It
is estimated that the AAL in its fully functioning configuration can analyze the same
number of specimens in 1 h that a single operator can manually analyze in 8 h. In the late
1990s, a prototype instrument for automated analysis was developed at NIST, on which
the current design is based.13

A schematic of the AAL under
development, which is physically
located next to the SPHERE, is
shown in Figure 4. Prior to analysis,
specimen and filter holders are man-
ually removed from the SPHERE
and placed into a specimen handler.
The specimen handler is part of the
AAL but resides in the SPHERE lab-
oratory. The function of the speci-
men handler is to identify the speci-
men and filter holders via their bar
codes and track them during the
measurement process. At any given
time, specimen and filter holders
can be awaiting analysis, actively
being analyzed, partially analyzed
and waiting for an analytical instru-
ment to become available, or fully
analyzed and waiting to be returned
to SPHERE for further exposure.

The majority of the AAL consists
of an array of independently operat-
ing instrument assemblies mounted
on the modular laboratory tables.
Each instrument assembly is com-
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Figure 3—(a) Specimen and filter holder configuration.
(b) Cutaway view of assembled exposure cell, showing
relative position of specimen and filter holders.

b

a



prised of an analytical instrument, a specimen positioner, and control electronics.
Instruments currently installed in the AAL are four Fourier transform infrared (FTIR)
spectrometers with custom optical light guides, two photodiode array UV-visible spec-
trometers with fiber-optic coupled collimating lenses, and a custom integrating sphere
gloss meter. Measurement efficiency is achieved through redundancies in the analytical
devices; that is, by populating the table with more analytical devices requiring the longest
measurement time and with only one instrument for measurements that are rapid.
Measurements on the FTIR take twice as long as the UV-visible measurements; there-
fore, more FTIR instruments are required than UV-visible spectrometers. Future instru-
ments to be incorporated are FTIR spectrometers with attenuated total reflectance (ATR)
attachments, total reflectance (integrating sphere) UV-visible/near-infrared (NIR) spec-
trometers, Raman spectrometers, and optical microscopes.

The robot is used to move specimens to and from the specimen handler as well as
between instruments. It is mounted on a 4 m track embedded into the modular laborato-
ry tables that hold the analytical instruments, and has a reach of 86.3 cm, payload capac-
ity of 3 kg, repeatability of ± 0.005 mm, and can position specimens anywhere on the
table. When an instrument assembly is ready to analyze a specimen, the robot obtains the
specimen holder from the specimen handler, moves toward that instrument assembly, and
places the specimen holder in the instrument’s specimen positioner. When an analysis is
completed on a particular instrument, the robot will retrieve the specimen holder and
either proceed to the next instrument, or return it to the specimen handler, from which the
specimen holder can be retrieved and returned to the SPHERE for further exposure. 

Before measurement data is added to the informatics system, their veracity is checked
based on the history of the specimen and expected trends. Measurements that are suspect-
ed to be erroneous or that reveal that the specimen has failed are flagged and reported to
a log file. To re-confirm specimen identity and minimize errors, the robot scans the spec-
imen barcode at each stage of the analysis.
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Figure 4—Schematic of automated analytical laboratory, showing speciment
handler, robot, and analytical instruments.



INFORMATICS SYSTEM

A UV weathering system of this complexity produces more raw data than can be man-
ually processed. To address this impending issue, a custom laboratory informatics system
is being designed to greatly facilitate data collection and analysis. The objectives of this
informatics system are to:

• Aid in the design of new experiments. 
• Control and record data from SPHERE environmental chambers (temperature,

humidity, and UV exposure).
• Inform researchers when a sample holder needs to be removed from its environ-

mental chamber and be characterized by the analytical instruments.
• Control the AAL robot and record data collected by various analytical instruments.
• Perform basic quality control as the data is collected (to flag erroneous data, a

failed sample, or a faulty instrument).
• Provide tools for data processing, analysis, and presentation.
The informatics system will ultimately consist of various stand-alone applications and

web-based interfaces, which will allow the data to be accessed without regard to the type
of computer that is being used. Firebird (an open source, relational database with ANSI
SQL-92 features that runs on Linux, Windows, and Unix platforms) is used to store the
data on a server that is accessed by all the various modules. 

The experimental matrix design program is the entry point into the informatics sys-
tem. It allows researchers to design a SPHERE experiment and specify the number of
replicates, temperature and relative humidity, and bandpass filter and neutral density fil-
ter ranges. Specimens are logged into the database by running them through a spectral
uniformity check, and a database record for that project is generated. Specimens are
assigned to specimen holders and filters are assigned to filter holders. Specimen
wheel/filter holder pairs are then assigned to open, non-used ports on the SPHERE as the
ports become available. The SPHERE controller program takes the temperature and rel-
ative humidity set points from the experimental conditions specified in the experimental
matrix design program. 

The raw analytical and environmental measurements are archived in the informatics
system but must be processed to provide quantities that are more meaningful to service
life prediction. Various spectral processing programs have been written to allow
researchers to analyze the data. The key programs are used to assess spectral quality, cal-
culate UV dosage, assess spectral changes, determine the relationship between damage
and dosage for SPHERE and outdoor exposures, and to assess relationships such as addi-
tivity, reciprocity, and time to failure. Both raw data and spectral processing programs are
available via a web browser to researchers on the local network.

Various safeguards (based on groups and passwords) are in place to limit access to
only those who are qualified to perform a specific task or to those who are allowed to
have access to the data. Once data is collected, it can be modified only by pre-specified
personnel. In order to maintain data integrity, there will be an audit trail identifying who
made the change and exactly what was changed. 
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SUMMARY

A novel, high throughput system for the accelerated UV weathering of polymeric
materials has been developed and is being fabricated at NIST. This system consists of an
integrating sphere-based high intensity UV source, an automated analytical laboratory for
specimen characterization, and an informatics system for storing, processing, analyzing,
and retrieving data on the exposure environment and the specimen. It is anticipated that
a system such as the one described in this chapter will facilitate and greatly expedite the
research and development process for new polymer products and formulations, particu-
larly in regards to the characterization of weathering and degradation behavior.
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INTRODUCTION

Large quantities of titanium dioxide (TiO2) are used in coatings, sealants, plastics, and
paper products for opacification, hiding, and UV absorption. TiO2 is the most effective
pigment for hiding or opacity due to its high refractive index and excellent ultraviolet
(UV) absorption properties.1 However, TiO2 is also a photoreactive material in that
absorption of UV radiation promotes electrons from the valence band into the conduction
band, leaving behind a positively charged species, or hole, in the valence band, as shown
schematically in Figure 1. These electron-hole pairs are extremely reactive and are capa-
ble of participating directly in oxidation-reduction (redox) reactions with organic materi-
als and/or undergoing interfacial charge transfer with surface or adsorbed species to form
reactive radical species.2 Within the last decade, the ability of TiO2 to decompose organ-
ic compounds has been exploited in applications such as air cleaning, water purification,
and self-cleaning/self-disinfecting surfaces.3,4 Photostable, nanoparticle TiO2, on the
other hand, appears to improve the long-term performance and initial mechanical and
durability properties of coatings without affecting appearance.5,6
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Titanium dioxide (TiO2) is used in building and construction applications as a
pigment or filler for polymeric products to improve their appearance and
mechanical properties. TiO2 pigments exhibit a wide range of photoreactivity
including reactivities that would be detrimental to the service life of polymeric
materials. The lack of a scientifically-based metrology for measuring photore-
activity has hindered innovation and acceptance of new pigments, especially
nanostructured pigments. The goal of this research is to develop scientifically-
based metrologies for the measurement of photoreactivity, including candidate
techniques such as photoconductivity, spectrophotometric assays, electron
paramagnetic resonance (EPR) spectroscopy, and ultraviolet (UV) weathering
exposures of pigment-filled polymer systems. Preliminary data from spec-
trophotometric assays, EPR, and UV exposure of a filled polymer system are
presented.
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Commercial TiO2 materials exhibit a wide range of photoreactivities, depending on
crystal phase, manufacturing method, and post-processing steps employed.7 Presently, no
standardized, quantitative measurement techniques exist for assessing the photoreactivi-
ty of TiO2. Instead, qualitative or product-based tests are used, which often do not pro-
vide fundamental information about the underlying mechanisms and are not standardized
across all industries.8-10 Current test protocols can range from gas or liquid phase catalyt-
ic probe reactions, bacterial inactivation methods, or UV exposure studies of pigment-
filled polymer films. Observing the performance of a pigment or catalyst in the final
product, while a necessary part of any product development cycle, does not provide
insight into the mechanistic processes involved. Moreover, competing effects of pigment
flocculation and pigment-binder compatibility are not always accounted for in the per-
formance of the final product. Additionally, as the use of nanoscale metal oxide fillers for
nanocomposites increases, the question arises of whether conventional methods of meas-
uring photoreactivity designed for pigmentary particles (≥ 250 nm) are valid for nanopar-
ticles (≤ 100 nm). There are also many new products on the market that tout the benefit
of nanoparticle inclusion to achieve new or better end-product properties.5,6 However, no
standards are available for their comparison to conventional products. 

The objective of this research is to obtain a comprehensive understanding of the fun-
damental properties and mechanisms controlling TiO2 photoreactivity and the effect that
photoreactivity has on the service life of polymeric materials. The general goals associ-
ated with this objective are:

• Develop novel metrologies for the measurement of photoreactivity, including non-
contact methods and methods for use with nanostructured materials.

• Develop analytical techniques for characterizing bulk and surface properties of
nanostructured TiO2 materials. 

• Establish correlation(s) between semiconductor photoreactivity, material proper-
ties, and heterogeneous photochemistry.

Figure 1—Schematic diagram of the photoreactive process in TiO2,
illustrating bandgap irradiation, promotion of an electron from the
valence band (VB) to the conduction band (CB), and the generation
of reactive oxygen species.
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The major thrusts of this program are outlined in Figure 2. It was determined that the 
measurement of the pigment aggregation, flocculation, and dispersion for all of the inves-
tigated metrologies must be included to more accurately describe the observed photore-
activity. 

This chapter reviews a number of methodologies and metrologies that are being
explored for quantifying photoreactivity in TiO2 and other semiconductor metal oxides,
including photoconductivity, electron paramagnetic resonance (EPR) spectroscopy,
chemical assays, and UV exposure studies on pigment-filled polymer films. Data from
the chemical assays, EPR methods, and UV-weathering exposures are presented.

METHODS FOR THE MEASUREMENT OF TIO2

PHOTOREACTIVITY

TiO2 photoreactivity can be roughly divided into three distinct stages (Figure 3): (1)
charge carrier generation, (2) interfacial charge transfer to surface species, and (3) redox
reactions between active species and the organic material of interest. To obtain a com-
plete understanding of photoreactivity, the fundamental processes that take place in each

Figure 2—Major thrusts of the
NIST Photoreactivity Program.

Figure 3—A schematic of the
three stages of TiO2 photoreac-
tivity.
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stage must be studied using analytical techniques that are capable of focusing on the spe-
cific reactions involved. The techniques that are discussed in this section are currently
being investigated at NIST for their utility and potential in quantitatively assessing pho-
toreactivity in TiO2. Experimental results will be presented in a later section.

Photoconductivity 

Photoconductivity measurements can be used to provide information about the popu-
lation and lifetime of charge carriers in TiO2 during band gap irradiation. TiO2 is an n-
type semiconductor; therefore, conductivity is attributed to electronic transport. For the
appropriate wavelength of radiation, the valence band electrons of TiO2 are promoted to
the conduction band, increasing the population of conduction band electrons or free elec-
trons. For an external direct current (DC) voltage applied to a specimen during irradia-
tion, free electrons in the conduction band accelerate and migrate to the positive electrode
and generate a measurable current, I, that can be used to calculate the electrical conduc-
tivity σ of the specimen via11,12:

σ = I l/VA (1)

where l is the length of the specimen, A is the cross-sectional area of the specimen, and
V is the applied voltage. In general, the conductivity σ of an insulator or semiconductor
is related to charge carrier density and mobility through the expression:

σ = e (nµn + pµp) (2)

where e is the electronic charge, n and p are the density of free electrons and free holes,
respectively, and µn and µp are the drift mobilities of the electrons and holes, respective-
ly. Changes in conductivity due to irradiation can be related to an increase in the number
of free electrons and holes.

The magnitude of photoconductivity is a function of the competition between charge
carrier generation, recombination of the charge carriers, and trapping of the charge carri-
ers by lattice or surface defects. Measurements of photoconductivity have been used to
study electronic transport properties and photocatalytic reaction kinetics in semiconduc-
tors and insulators.13-16 Since the generation of electrons and holes is the first step in any

Figure 4—Schematic repre-
sentation of the reactions
observed in the methyl
viologen assay.
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photocatalytic process, measurement of photoconductivity provides fundamental infor-
mation on the density, mobility, and the lifetimes of these species. 

Low or no measurable photoconductivity in a TiO2 specimen is indicative of a low
photoreactive pigment, also referred to as a “high durability” or “low chalking” pigment.
If charge carriers are not generated in significant quantities, become trapped in defect
states, or recombine rapidly, they cannot react directly with the organic matrix nor can
they undergo subsequent interfacial charge transfer reactions with surface species to gen-
erate additional redox agents. On the other hand, high photoconductivity does not neces-
sarily imply high photoreactivity, but only provides an indication of the potential that a
pigment has for initiating photoreaction. Photoconductivity measurements do not provide
information on interfacial charge transfer reactions between the charge carriers and sur-
face species or on charge carrier-redox agent reactions. Results of the photoconductivity
studies are described elsewhere17 and will not be discussed here. 

Chemical Assays

Spectrophotometric assays quantitatively measure the concentration of holes and elec-
trons generated during band gap irradiation or of products arising from the reactions of
holes and electrons with a surrounding matrix, such as hydrogen peroxide. A number of
chemical assays for assessing the photoreactivity of TiO2 exist and are documented in the
technical and patent literature.20-22 One type of chemical assay involves the use of specific
compounds that react directly and stoichiometrically with either holes or electrons.18-21

Another type of assay uses probe compounds that react stoichiometrically with species such
as hydrogen peroxide, which results from the reaction of holes and/or electrons with TiO2
surface species.22-24 Various spectroscopic measurements are then used to measure the
decrease in concentration of the probe compound or the formation of products resulting
from the reaction of the probe compound and other active species. 

For this research, two assays were chosen to investigate the two types of methods
described above. The methyl viologen (MV) assay is based on the reaction of methyl vio-
logen, an electron acceptor, with conduction band electrons. The chemical structure of
methyl viologen di-cation and the reaction schematic for the assay is shown in Figure 4.
The methyl viologen di-cation, a colorless compound, is easily reduced to a relatively
stable cation radical form, which is blue in color with strong absorption at 602 nm.18

Upon reacting with a free electron generated via UV irradiation of TiO2, a methyl violo-
gen cation is reduced to a methyl viologen cation radical. The methyl viologen cation rad-
ical also reacts with holes to regenerate the initial methyl viologen di-cation in a compet-
ing reaction; thus, ethylenediaminetetraacetic acid (EDTA) is used to inactivate the pho-
togenerated holes.19 The MV assay will be compared to the isopropanol-to-acetone con-
version method (IPA) that is commonly used in the pigment industry.20-21 The photooxi-
dation of TiO2 is determined by the amount of acetone generated in isopropanol-pigment
slurries exposed to UV. In industry, the acetone concentration is used to rank the photore-
activity of pigments.

The amount of hydrogen peroxide produced from reactions of TiO2 electrons and
holes with particle surface species was measured using a leuco-crystal violet/horseradish
peroxidase (LCV) assay, as shown schematically in Figure 5. The concentration of
hydrogen peroxide produced during UV irradiation of aqueous pigment slurries has been
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used to quantify the photoreactivity of the pigment.19,21 Horseradish peroxidase catalyzes
the oxidation of leuco crystal violet dye with the produced hydrogen peroxide and its
effectiveness is dependent upon buffer pH and composition.23,24 The intensity of the max-
imum absorption peak of the oxidized leuco crystal violet dye at 596 nm is used to quan-
tify the hydrogen peroxide concentration. 

Electron Paramagnetic Resonance (EPR) Spectroscopy

EPR spectroscopy, also known as electron spin resonance (ESR) spectroscopy, is
capable of detecting short-lived transient paramagnetic species (molecules with one or
more unpaired electrons) such as free radicals and several transition metal ions. In an
EPR experiment, a sample is exposed to a static magnetic field and bombarded with
monochromatic microwave radiation generated by a klystron tube or Gunn Diode. The
absorption of microwave radiation by a paramagnetic species occurs at the resonance
frequency, and an EPR spectrum is obtained by measuring the microwave absorption as
a function of magnetic field strength.25,26 To extend the lifetimes of the short-lived
species, experiments are often conducted in liquid helium (He) (4.2 K) or liquid nitro-
gen (N2) (77 K) atmosphere. 

In the study of TiO2 photoreactivity, EPR is used to study each of the three stages of
the photoreactive process. Researchers have documented that trapping of photogenerat-
ed holes and electrons in the TiO2 lattice and on surface species can be detected using
EPR spectroscopy.27-31 Spin trapping with stable free radicals such as nitroxide com-
pounds has been used to indirectly detect OH. and HO2

. radicals as well as the formation
of the Ti+3 species.30,31 Direct observation of free radical or ionic species on UV irradiat-
ed TiO2 has also been reported by a number of researchers.32-34 Finally, the reaction of
various photogenerated species within organic materials, such as coatings, has also been
studied with EPR spectroscopy.35-38

Figure 5—Schematic representation of the reactions observed in the
leuco crystal violet assay for peroxide determination.
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UV Exposure of Pigment-Filled Polymer Films

The practice of evaluating the performance of a paint formulation using outdoor weath-
ering methods has been utilized as early as the 1930s.39 Accelerated weathering methods
were developed shortly thereafter and continue today to be optimized in order to obtain a
prediction of paint durability, especially those formulations containing pigments.40-44 Our
group’s research has focused primarily on pure resin systems for about the past eight
years.45 The research is now moving toward studying pigment-filled polymer systems. For
most applications, these components are added to increase the opacity and improve the
appearance of a coating system. However, the addition of pigments has been found to
affect the properties of the coating, especially its durability.46-48 Basically, pigments can
interact with their polymer binder in three different (but not mutually exclusive) ways: 

(a) Protect the resin from direct photochemical degradation. Some polymers are par-
ticularly susceptible to direct UV degradation, which has sufficient energy to
break chemical bonds within the resin. In this case, the absorption of UV by TiO2
mitigates direct photochemical attack. The absorption of UV by the pigment con-
tinues and will lead to photocatalytic attack as well, but is an initially less favored
process. 

(b) Degrade the resin by photocatalytic degradation. Radicals generated by the pig-
ment oxidize the polymeric binder and is the process pigment manufacturers
attempt to minimize via surface treatments of the pigment.

(c) Promote physical interactions with the resin. Degradation of a coating can lead to
chalking, which is the physical separation/exposure of the pigment. Another fac-
tor, which is particularly important, especially in binders susceptible to photo-
chemical attack, is the relative degree of dispersion of the pigment particles. Well-
dispersed pigments absorb more UV and give a smoother surface, resulting in
enhanced gloss retention.41

The goal of this component of the photoreactivity program is to examine the effects
of pigment surface treatment and pigment concentration on the degradation of a resin sys-
tem. A less durable, but well-characterized amine-cured epoxy system was chosen for the
investigation to minimize the time needed to detect degradation. The epoxy and pigment
were analyzed separately to gain an understanding of their contributions to chemical
changes observed for the entire pigmented epoxy system. A number of studies on the
weathering of polymers have focused on monitoring the mechanical properties and the
surface morphology of the polymers using SEM.46-48 From our evaluation of the litera-
ture, no study has reported changes in the chemistry of a resin system as a function of the
type of pigment, only the durability (chalking or gloss retention) of the resin. A surface-
sensitive analytical technique, X-ray photoelectron spectroscopy (XPS), was utilized to
monitor the degradation reactions that occur at the surface (~10 nm) of the resin.
Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR), which
monitors the near surface (ca. 500 nm), was also used to help assign the elemental chem-
ical shifts observed in the XPS spectra. Chemical analyses of the surface of the polymer
systems49-54 and the pigment,55-57 separately, have been made using ATR-FTIR and XPS.
This study is one of the first to look at chemistry of polymer photodegradation and pig-
ment data in conjunction. 



430

EXPERIMENTAL PROCEDURE

Chemical Assays

METHYL VIOLOGEN ASSAY: A 1.5 g/L suspension of TiO2 with 2.5 × 10–3 mol/L in
methyl viologen dichloride and 3.0 × 10–2 mol/L in disodium ethylenediaminetetraacetic
acid (EDTA), buffered to pH = 6.0 with a 0.2 mol/L phosphate buffer, was prepared. In
other methyl viologen assay experiments, a potassium hydrogen phthalate (KHP) buffer
was used to elucidate results with no phosphates present. The suspension was purged
with argon (Ar) in a sealed sparging reactor for 20 min, and then irradiated with UV radi-
ation with a 100 W mercury (Hg) lamp for 2 h. During the UV irradiation period, the TiO2
suspension was mixed with a magnetic stir bar. In an Ar-purged glove bag, 3 mL of the
irradiated suspension was transferred into a cuvette for UV-visible (UV-VIS) spec-
troscopy using a syringe equipped with a 0.2-µm filter. The absorbance of the methyl vio-
logen cation radical at 602 nm was measured on a UV-VIS spectrometer. The standard
uncertainty associated with UV-VIS spectroscopy absorbance measurements is typically
± 2%.

HYDROGEN PEROXIDE ASSAY WITH LEUCO-CRYSTAL VIOLET: 250 mg of TiO2 pig-
ment was mixed with 25 mL of 1 mole/L acetate buffer (pH = 4.4) and irradiated with
UV radiation with a 100 W Hg lamp for 2 h. During the UV irradiation period, the TiO2
suspension was mixed with a magnetic stir bar. The irradiated pigment suspension was
then filtered and 8.5 mL of the filtrate was mixed with 0.5 mg/mL horseradish peroxidase
and 1 mL leuco-crystal violet (LCV) solution (100 mg LCV dye in 200 mL of 0.5% by
volume hydrochloric acid). A solution of 0.3% by volume solution of hydrogen peroxide
was used as a standard for calibration. The absorbance of the leuco-crystal violet solution
at 596 nm was immediately measured using UV-VIS spectroscopy. 

ISOPROPYL ALCOHOL TEST: TiO2 suspensions in isopropanol were prepared from
TiO2 dried at 120°C for 2 h and purged with compressed air (500 mL/min) for 1 min prior
to UV irradiation. Pigment loadings varied and were based on the pigment surface treat-
ment: 1 g for alumina (Al2O3)-coated pigments and 4 g for silica (SiO2)-coated pigments.
A jacketed beaker containing the TiO2 suspension was illuminated from the top with UV
light from a 100 W Hg lamp. Suspensions were stirred with a magnetic stirbar to main-
tain the suspension of the pigment. After 2 h of UV exposure, the suspension was filtered
and the acetone content of the filtrate was determined by gas chromatography with flame
ionization detection. A blank measurement was also performed using isopropanol alone
to establish the initial amount of acetone present in the isopropanol reagent.

LIGHT SCATTERING MEASUREMENTS: In this study, dynamic light scattering (DLS)
was used to estimate the particle/cluster size of TiO2 in the various assays. Light scatter-
ing measurements were carried out using a variable angle light scattering instrument. The
instrument was calibrated with NIST traceable polymer sphere standards ranging in
diameter from 90 nm to 304 nm. The laser wavelength used in this study was 532 nm.
Scattering angles of 15° and 30° were used for the measurements. Suspensions consist-
ed of TiO2 and the spectrophotometric assay components as described in the above sec-
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tions. Suspensions were mixed for 3 min by shaking followed by sonication for 30 min.
2 mL aliquots of the assay suspension were transferred into a 15-mm diameter DLS vial.
The assay suspension was measured at 15° for 50 min followed by measurements at 30°
for 90 min. The assay suspensions remained stable after 50 min, but some pigment set-
tled after 90 min. Thus, all data was collected in a 50 min window. Some of the assay sus-
pensions were diluted from 90% to 10% by volume of their original TiO2 concentration
with their corresponding buffer solutions. 

Dynamic fluctuations of the scattered light from the particles in the assay matrix were
measured. The time dependence of the scattered light at a particular scattering angle (θ)
was analyzed by an autocorrelation function of the scattered light.58 For monodisperse
particles in solution, the correlation function is characterized by an exponential decay.
However, for a polydisperse sample, the correlation function no longer has a simple
exponential function. In this study, non-linear least squares regression analysis was used
to fit the experimental autocorrelation functions to determine the hydrodynamic radius of
particles in the TiO2 suspensions.

EPR Spectroscopy

SPIN TRAP MATERIALS: 5, 5-dimethyl-1-pyrroline-N-oxide (DMPO), 3-carboxyprox-
yl (CP), 3-aminoproxyl (AP), and 3-carbamoylproxyl (CM) used in this study were pur-
chased from Aldrich without further purification. Stock solutions (500 µmole/L) of each
spin trap were prepared in deionized water and stored at 7°C. Stock preparations (0.2
g/L) of TiO2 suspensions in deionized water or in solvent were also prepared for spin trap
studies. For each spin trap experiment, a new mixture of spin trap stock solution and TiO2
suspension was prepared to monitor the photo-produced radicals under UV irradiation at
ambient temperature. 50 µL aliquots of the spin trap/TiO2 suspension mixture were
placed into EPR capillary tubes for UV irradiation in the EPR instrument cavity.
Different TiO2 spin trap molar ratios were also under investigation in this study.

For solid state EPR studies, TiO2 with different sizes, crystalline forms, and modified
surfaces were investigated. The same volume of powder for each TiO2 sample was placed
into an EPR tube and dried under vacuum for at least 8 h to reduce the moisture. A com-
parison experiment of the TiO2 suspensions (0.2 g/L) in deionized water was performed
as well. 1 µL aliquots of the TiO2 suspension were used in a quartz capillary tube con-
tained within a conventional EPR tube for in-situ UV irradiation.

EPR MEASUREMENTS: All EPR spectra for the spin trap studies were recorded at ambi-
ent conditions with a Bruker Elexsys E500 EPR spectrometer. Most measurements were
carried out using a resonant frequency of 9.38 GHz and a microwave power of 0.6 mW to
10 mW. The time constant, conversion time, sweep time, and signal receiver gain were
adjusted to obtain optimum signal resolution. For some weak-signal experiments, higher
microwave power, receiver gain, and signal-to-noise ratio were applied. Samples of spin
trap/TiO2 suspension mixtures were placed in 50 µL capillary tubes that were positioned
in a conventional EPR tube and directly irradiated with a Xe arc lamp at 500 W. EPR spec-
tra were recorded at regular time intervals during the UV irradiation period. Several con-
trol experiments were carried out to insure that the observed signals did not arise from
photolysis or oxidation products of the spin traps themselves, as well as to monitor the
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EPR signal stability in the dark and under illumination. In addition, the stability of spin
trap solutions without TiO2 over time (eight weeks at 7°C) was monitored.

All solid-state EPR spectra were recorded at a resonant frequency of 9.3 GHz,
microwave power of 10 mW, signal receiver gain of 30 dB to 70 dB, modulation ampli-
tude of 10 G, and modulation frequency of 100 kHz. The time constant, conversion time,
sweep time, and scan times were adjusted to obtain optimum signal resolution. Quartz
EPR tubes were employed to avoid the background signal during measurement. A liquid
helium (He) cryostat was used in the EPR instrument to achieve lower sample tempera-
tures (77 K) in the cavity. The samples were directly irradiated in the cavity with the Xe
arc lamp at 500W for in-situ measurements. 

UV Exposure of Pigment-Filled Polymer Films

MATERIALS: Commercially available TiO2 particles were selected for the TiO2-epoxy
films. In general, the reactivity of the TiO2 particles is directly related to surface treat-
ment. Two pigment volume concentrations (PVC), 2.5% and 10%, were used and an
unfilled control sample was also prepared. The epoxy matrix was formed by using a 2.4:1
ratio of commercial diglycidyl ether of bisphenol A (epoxide equivalent mass: 185-192;
Resolution Performance Products) to polyetheramine curing agent (Huntsman). Films
were prepared using a Dispermat (BYK Gardner) mixer by first dispersing the pigment
into the resin and then mixing a curing agent into the suspension. The mixtures were
degassed for 2 h and films were drawn down with a 1.016 mm bar on release paper. Films
were cured at room temperature for 48 h, followed by a 2 h postcure at 130°C. Circular
free-film samples having a 19-mm diameter were cut from each of the films. The result-
ing film thicknesses ranged from 70 µm to 450 µm. 

UV EXPOSURE EXPERIMENTS: Epoxy samples described above were exposed to ultra-
violet radiation using the Simulated Photodegradation by High Energy Radiant Exposure
(SPHERE) at ambient laboratory conditions of temperature and relative humidity (nom-
inally 25°C and 35% RH). Complete details regarding this instrument and its configura-
tion are described elsewhere.59,60 The SPHERE average irradiance between 300 nm and
400 nm over the exposure period was 102 W/m2. Total incident dose was calculated using
the average irradiance, exposure time, and the sample size. To accommodate the destruc-
tive measurements used in this study, the experiment was designed so that a new set of
specimens was analyzed after each time interval, instead of measuring the same degrad-
ed specimens. 

FILM CHARACTERIZATION MEASUREMENTS:
XPS—All XPS measurements were performed with a Kratos Axis Ultra photoelectron

spectrometer. Experiments were conducted at room temperature with a base pressure in
the 1.3 x 10–6 Pa range. The monochromatic Al Kα x-ray source was operated at 140 W
(14 kV, 10 mA). The energy scale was calibrated with reference to the Cu 2p3/2 and Ag
3d5/2 peaks at binding energies (BE) of 932.7 eV and 368.3 eV. A coaxial charge neutral-
ization system provided charge compensation. Initial and degraded polymer films were
attached to the XPS sample holder using double-stick tape. The analysis area for the high-
resolution spectra was 2 mm x 1 mm. The O 1s, Ti 2p, N 1s, C 1s, and Si 2p spectra were
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acquired at a pass energy (PE) of 20 eV and a maximum acquisition time of 8 min per ele-
ment. Peak BEs were determined by referencing to the adventitious C 1s photoelectron
peak at 285.0 eV. Quantitative XPS analysis was performed with the Kratos VISION soft-
ware (version 2.1.2). The atomic concentrations were calculated from the photoelectron
peak areas by subtracting a linear-type background. The O 1s, N 1s, and C 1s regions were
deconvoluted using mixed 70% Gaussian/30% Lorentzian components.

ATR-FTIR: ATR-FTIR was performed on all the epoxy resin samples using a Magna-
IR 560 (Thermo Nicolet) with a mercury cadmium telluride (MCT) detector and an ATR
accessory with a diamond crystal (Durascope). Each specimen was sampled at three dif-
ferent locations with 128 spectra collected at each location at 4 cm–1 resolution. All spec-
tra were imported into a custom software package for analysis.

RESULTS AND DISCUSSION

All components of this research program focused primarily on the use of commercial
TiO2 products. A range of pigment surface treatments, crystallinity, and particle sizes were
examined as these are some of the many factors that influence pigment photoreactivity.
Table 1 lists the TiO2 pigments used in this research program and their properties. For
comparison, an in-house prepared TiO2 specimen (sample K) was also studied. In some
components of this research program, a subset of the pigments listed in Table 1 was used. 

Chemical Assays

The chemical assay study showed that the photoreactivity response from TiO2 ana-
lyzed in the spectrophotometric assays varied with experimental conditions. Light scat-
tering measurements were performed to examine the effects of assay experimental con-
ditions on the pigment cluster size to test the hypothesis that cluster size is one variable

Table 1—TiO2 Pigmentsa

Particle pH of Zeta Surface
Label Crystallinity Size (nm) Suspension Potential (pH) Treatment

A ..............anatase (70%)  
rutile (30%) 20 6.6 6.0 none

B ..............anatase 7-8 4.4 none
C..............anatase 35-40 Al2O3/SiO2 (25%)
D..............rutile 10-30 6.5-8.0 Al2O3 (9–14%)

SiO2 (1–7 %)
E ..............rutile 250 6.0 7.5 Al2O3 (6%)
F ..............rutile 250 6.7 7.5 Al2O3/SiO2 (12%)
G..............anatase 300 6.3 none
H..............rutile >400 6.0 none
I................rutile 30-50 6.3 6.5-8.0 Al2O3 (10–15%)

ZrO2 (2–5%)
J...............anatase 7 6.2 none
K ..............anatase 50 6.7 none

(a) Values were provided by manufacturer, except for pH of suspension, which was measured in deion-
ized water.
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that can affect the photoreactivity response for the various assays. For example, the sur-
face treatment on pigments affects the zeta potential of the base pigment, which in turn
affects the electrostatic interactions of the pigments in solution and, therefore, the pig-
ment cluster size. Thus, larger clusters shield inner nanoparticles from UV irradiation and
produce a lower photoreactivity value, while smaller cluster sizes result in a higher pig-
ment surface area for UV interaction.

PHOTOREACTIVITY RANKINGS: 
Standard Experimental Conditions—For the methyl viologen (MV) assay, the col-

orimetric assay is based on the reaction of methyl viologen, an electron acceptor, with
conduction band electrons. UV-VIS spectroscopy analysis of the TiO2 suspensions
assayed with methyl viologen showed an intense absorbance at 602 nm for a number
of TiO2 samples. Lower absorbance values were observed for some of the surface-treat-
ed TiO2 pigments (Figure 6). These MV results are indicative of the greater net produc-
tion of free electrons by catalytic TiO2 relative to coated TiO2. Based on the MV
results, the uncoated, nanosized, anatase TiO2 pigments are more photoreactive than
the rutile TiO2 pigments. 

The amount of hydrogen peroxide produced from reactions of TiO2 electrons and
holes with particle surface species was measured using a leuco crystal violet/horseradish
peroxidase (LCV) assay. Via the intensity of the absorbance peak at 596 nm, a different
photoreactivity ranking relative to the MV assay was observed (Figure 7). A 3% by vol-
ume hydrogen peroxide solution is also shown as a standard sample in the figure.
Pigments without surface treatments showed a greater peroxide production in the LCV
assay. However, among the uncoated TiO2 pigments, the larger particle size anatase pig-
ment showed the greatest peroxide concentration as compared to the nanosized anatase
pigment in the MV assay. 

Both MV and LCV assay results were also compared to a conventional industrial
method used to measure photoreactivity, the isopropyl alcohol conversion to acetone
(IPA) test (Figure 8). The IPA test is another measure of conduction band electrons from
the TiO2 particles and so should be closest to the MV assay results. Again, the photore-
activity ranking differed, but anatase pigments were still the most photoreactive, as

Figure 6—Photoreactivity
comparison of absorbance
values obtained using the
methyl viologen assay with
TiO2 pigments. Standard
uncertainty in the absor-
bance values is ± 2%.
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observed in the MV assay. This is a possible indication that the product mechanism for
each assay provides a different measure of photoreactivity. However, differences
observed between each assay could be due to the different assay matrix (buffer composi-
tion, pH, and solvent), causing the nanoparticles to flocculate and form different-sized
particle clusters. In turn, larger clusters may shield inner nanoparticles from UV irradia-
tion and produce a lower apparent photoreactivity.

Modified Experimental Conditions—Each assay examined in this study used a dif-
ferent solvent, buffer pH, and pigment loading. To more accurately compare the photore-

Figure 7—Photoreactivity comparison based on peroxide concentration
using absorbance from the leuco crystal violet assay with TiO2 pigments.
The standard sample (STD) is a 0.3% by volume hydrogen peroxide
solution. The inset figure is a magnified version of the original graph to
view the lower concentrations (specimens A–F). Standard uncertainty in
the absorbance values is ± 2 %.

Figure 8—Isopropyl alcohol conversion results for the series of
TiO2 specimens. The blank sample is a measure of acetone pres-
ent initially in the isopropanol. Standard uncertainty in the ace-
tone values is ± 2%.
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activity results from the assays, the experimental conditions of the MV assay and the
LCV assay were changed so that all assays were similar. Particularly, the same pH and
the same pigment loadings were used. Buffer composition was also examined in the case
of the MV assay. A phosphate buffer is the standard buffer used in the MV assay.
However, phosphate addition has been reported to negatively influence the reactivity of
titanium dioxide.61,62 Phosphates are known to modify alumina, a common surface treat-
ment on pigments and nanoparticle catalysts.63,64 In this study, potassium hydrogen
phthalate (KHP) was used as the non-phosphate buffer. At the time of this writing, the
investigation was limited to TiO2 A, E, and F. The results for the entire set of pigments
will be reported in a future publication.

Experiments with the MV assay revealed that experimental conditions influenced the
absorbance intensity for the pigments investigated. Figure 9 shows the results of the MV
assay with phosphate buffer and a change in buffer pH from the standard pH 6.0 to pH
4.4. The results indicate that pH 6.0 is the optimum condition, producing the highest
intensity, especially for TiO2 A. Figure 10 shows the results of buffer composition for the
MV assay, switching phosphate buffer to KHP buffer. KHP buffer experiments were run
at pH 6.0, the optimum pH revealed in Figure 9. KHP buffer results for the MV assay
reveal that KHP buffer produces a higher intensity for all pigments, especially for TiO2
E, an alumina surface treated pigment. This result indicates that the phosphate groups
may be exchanging with the hydrous alumina surface treatment on the pigment and form-
ing aluminum phosphate under standard phosphate conditions in the MV assay, thus
reducing the photoreactivity response. 

Figure 11 shows the effects of pigment loading on the MV assay response. For all pig-
ments investigated, an increase in the pigment loading increased the MV assay response.
The response for TiO2 F was very low for both pigment concentrations. The solutions
with greater pigment loading for TiO2 A resulted in a deeply colored solution, which was
off of the absorbance scale for the UV-VIS instrument. Dilutions with deionized water
were necessary to keep the absorbance readings on scale. 

Results from the LCV assay revealed that assay matrix experimental conditions
strongly influence the absorbance intensity at 596 nm for the pigments investigated. It
has been reported that the effectiveness of horseradish peroxidase is dependent upon
buffer pH and composition.23 In addition, dissolution of the leuco crystal violet dye is

Figure 9—Methyl viologen
assay absorbance results
for phosphate buffer using
a pH 4.4 and 6.0. Error
bars represent standard
deviation.
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also very sensitive to pH.24 Figure 12 shows the results of the experiments with the LCV
assay using acetone buffer. The pH 5.8 was the highest pH possible with acetone buffer
and so an exact match for pH 6.0 was not possible in this system. Regardless, the assay
results showed that increasing the pH from 4.4 to 5.8 increased the absorbance intensity
for the standard assay conditions of a 2 h UV-irradiation exposure time at 10 mg/mL pig-
ment loading. However, close inspection of the assay solutions at pH 5.8 revealed a high
degree of cloudiness without any increase in the purple color produced by the reduced
leuco crystal violet species. The cloudiness caused an artificial increase in absorbance.
The increase in cloudiness is a result of the lack of dissolution of the leuco crystal violet
at the higher pH. 

In general, decreasing the pigment loading caused a large drop in the LCV assay
response. There was no absorbance intensity observed for TiO2 E and F after the standard
2 h UV irradiation exposure time. In fact, the lower pigment loading solutions contain-
ing surface treated pigments, TiO2 E and F, has to be run for 12 h overnight to obtain a
measurable absorbance intensity. Even after the overnight run, the response for the sur-
face treated pigments did not reach the response obtained for the 10 mg/mL pigment
loading at the standard 2 h UV irradiation exposure time. The response for TiO2 A at 
1 mg/mL was different from that obtained under similar conditions for the surface treat-
ed pigments. For TiO2 A, the absorbance obtained after the standard assay condition of 2
h UV irradiation exposure time was slightly greater than that obtained for an overnight

Figure 10—Methyl viologen
assay absorbance results using
phosphate buffer and KHP buffer
at pH 6.0. Error bars represent
standard deviation. 

Figure 11—Methyl viologen
assay absorbance results with
KHP buffer at pH 6.0 and using
two pigment loadings, 1 mg/mL
and 10 mg/mL. Error bars repre-
sent standard deviation. 
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run. Furthermore, both responses obtained for TiO2 A at the different UV irradiation
exposure times at the lower pigment loading were significantly greater than that obtained
for the 10 mg/mL pigment loading.

LIGHT SCATTERING MEASUREMENTS: Dynamic light scattering (DLS) measurements
were performed to measure particle cluster size of TiO2 A, E, and F in the various assays.
The results for the entire set of pigments will be reported in a future publication. Here, a
particle cluster represents a floc, which is a loose structure formed by primary particles,
aggregates, and agglomerates from the pigments.65 Aggregates are considered to be pri-
mary particles joined at their faces with a specific surface area that is significantly less
than the sum of the area of the constituents. Aggregates are very difficult to separate.

Figure 12—Leuco crystal violet assay absorbance results with acetone
buffer using pH of 4.4 and 5.8 with 10 mg/mL run for 2 h and at pH
4.4 with 1 mg/mL as noted. Pigments are shown as: A (///), E (dots),
and F (\\\). The line in the pH 4.4, 1 mg/mL pigment loading experi-
ments presents pigment A run for the standard 2 h UV irradiation
exposure time. Error bars represent standard deviation. 

Table 2—Measured Hydrodynamic Diameter Values for MV Assay in
Phosphate Buffer Versus pHa

Measured Hydrodynamic Diameter (nm)

pH

Pigment  . . . . . . . . . . . . . . .4.4 6.0
A  . . . . . . . . . . . . . . . . . . . . .206 360
E . . . . . . . . . . . . . . . . . . . . .1270 676
F  . . . . . . . . . . . . . . . . . . . . .1204 mmb

(a) Standard uncertainty in the particle diameter values is  ± 5%.
(b) Denotes unstable suspensions in terms of intensity resulting from large

clusters.
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Agglomerates are a collection of primary particles or aggregates joined at their edges or
corners, with a specific surface area not markedly different from the sum of the areas of
the constituents. Agglomerates can be separated into their primary particles. 

For the MV assays, the DLS data revealed that experimental conditions of the assay
influenced the particle cluster size of the pigments. The shapes of all DLS curves are
most similar to the shape of polydisperse suspensions for the MV assay using phosphate
buffer at pH 6.0 and 4.4. Table 2 summarizes the measured hydrodynamic diameter or
particle cluster results obtained for the MV assay. The measured pigment cluster sizes do
not agree with the pigment particle size based on crystallite size reported by the manu-
facturer. These results indicate that nano- and pigmentary-sized particles have a strong
tendency to form clusters in the MV assay matrix. The largest change was observed for
TiO2 E, whose cluster size nearly doubled from pH 6.0 to 4.4. The opposite trend was
observed for the cluster size of TiO2 A and F, which decreased with decreasing pH.
However, the large measured cluster size for TiO2 F at pH 6.0 was a result of very large
clusters that produced an unstable suspension and, therefore, unstable intensity during the
DLS measurements. Buffer composition also affects the cluster size for MV assays as the
shapes of the DLS curves differ in the sharpness of the turnover for each pigment
between the two buffers. A new feature at longer lag times in the DLS curves for KHP
buffer results was observed and may represent a secondary, larger-sized, pigment cluster
set. Interpretation of the data is continuing. 

Pigment loading has the greatest effect for TiO2 A in the MV assay. The DLS curve
for TiO2 A at higher pigment loading showed an increase in amplitude, an indication of
increased organization of the clusters, but the shapes of the curves for the surface-treat-
ed pigments do not change with increasing pigment loading. Table 3 summarizes the
measured hydrodynamic diameter or particle cluster results obtained for the MV assay
after changing buffer composition and pigment loading. In general, all pigments more
than double in cluster size with a change in buffer from phosphate to KHP. No large clus-
ters were observed for the KHP buffer for any pigments as was observed for pigment F
in the phosphate buffer. For the KHP buffer all pigments had similar cluster size, regard-
less of surface treatment and initial particle size. Decreasing pigment concentration in
KHP buffer did not affect the surface coated pigments. 

Table 3—Measured Hydrodynamic Diameter Values for MV Assay at pH 6.0 for
Phosphate and KHP Buffers and Versus Pigment Loading for KHP Buffera

Measured Hydrodynamic Diameter (nm)

Buffer at 
1 mg/mL Pigment Loading Pigment Loading in KHP

Pigment Phosphate KHP 1 mg/mL 10 mg/mL

A 360 962 962 1118
E 676 1140 1140 1130
F mmb 1210 1210 1030

(a) Standard uncertainty in the particle diameter values is  ± 5%.
(b) Denotes unstable suspensions in terms of intensity resulting from large particle clusters
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For the LCV assays, the DLS data revealed that the experimental conditions of the
assay also influence the cluster size of the pigments. Upon increasing the pH to 5.8 at 
10 mg/mL pigment loading for the LCV assay, the DLS curves for the surface-treated
pigments become more polydisperse. New peaks at longer lag times were also observed
for surface treated TiO2 E and F for pH 5.8 at 10 mg/mL pigment loading, an indication
of a possible secondary, larger-sized, cluster set. However, the DLS curve for TiO2 A
remains close to monodisperse despite an increase to pH 5.8 at 10 mg/mL pigment load-
ing, an indication of increased organization of the clusters. Lowering the pigment load-
ing in the LCV assay produces curves that are similarly shaped for all pigments, regard-
less of pigment surface treatment. Table 4 summarizes the measured hydrodynamic
diameter or particle cluster results obtained for the LCV assay after a change in buffer pH
and pigment loading. In general, TiO2 E and F show similar trends in cluster size. The
cluster size for TiO2 E and F increased with increasing pH. The cluster size of TiO2 A
slightly decreases with increasing pH. Decreasing the pigment loading markedly
increased the cluster size of the surface treated pigments, TiO2 E and F. The large cluster
size calculated for TiO2 E and F at 1 mg/mL was a result of very large clusters that pro-
duced an unstable suspension and therefore unstable intensity during the DLS measure-
ments. The lower pigment loading had the opposite effect on TiO2 A such that the clus-
ter size decreased by a factor of 3. 

EPR Spectroscopy

SPIN TRAP METHOD: EPR is used to detect free radicals formed in a TiO2 system to
determine its photoreactivity. For short-lived radical species, a spin trap technique is
often applied by mixing an appropriate spin trap or radical trap in the sample solution.
Nitroxyl radicals (or nitroxides) are a typical spin trap and have been reported to react
with hydroxyl radicals (which are known to initiate oxidation in most polymers1-3),
resulting in a stable radical adduct and a loss in the initial nitroxide EPR signal.66-68

However, the nitroxide compounds can also react with other radicals present in solution,
such as superoxide anion radicals, and cause a similar decrease in the nitroxide EPR sig-
nal. Therefore, the decay of the initial nitroxide concentration indicates a non-selective

Table 4—Measured Hydrodynamic Diameter Values for LCV Assay in Acetone Buffer at
pH 4.4 Versus pH and Pigment Loadinga

Measured Hydrodynamic Diameter (nm)

Buffer at 
10 mg/mL Pigment Loading Pigment Loading at pH 4.4

Pigment 4.4 5.8 1 mg/mL 10 mg/mL

A 1206 934 386 1206
E 862 1158 mmb 862
F 676 1558 mmb 676

(a) Standard uncertainty in the particle diameter values is  ± 5%.
(b) Denotes unstable suspensions in terms of intensity resulting from large particle clusters
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reaction of all radicals from the TiO2 suspension and spin traps, but provides a general
indication of photoreactivity of the TiO2 system. A more selective spin trap, 5, 5-
dimethyl-1-pyrroline-N-oxide (DMPO), is widely used as a spin trap reagent for individ-
ual radical species. DMPO is a diamagnetic compound (no EPR signal) but reacts with
other radicals to form paramagnetic spin-adducts, which produces an EPR signal.69,70

When DMPO spin-adducts form, a distinctive EPR spectrum corresponding to a specif-
ic radical is produced. 

The feasibility of the spin trap technique was investigated to determine the species in
UV-illuminated TiO2 suspensions. In addition, the effect of electrostatic interactions of
the nitroxide spin trap with the TiO2 particle in suspension was studied. The sensitivity
of nitroxide radicals to the target molecule is related to the chemical structure of the spin
trap itself as well as the environment of solution.66,71 Therefore, three nitroxide spin traps
of varying electrostatic charge (Figure 13), 3-aminoproxyl (AP), 3-carboxyproxyl (CP),
and 3-carbamoylproxyl (CM), were used to monitor the generation of radicals during
irradiation. All of the nitroxide traps chosen for this study have different functional
groups on the nitroxide ring to produce a different surface charge in solution. In aqueous
solutions, AP (pKa ≈ 9) is positively charged, CP (pKa ≈ 4) is negatively charged, and
CM is neutral. DMPO was also investigated to determine the presence of specific radi-
cals in the TiO2 suspensions after UV irradiation. The chemical structure of DMPO
(Figure 13) is different from that of the other nitroxide traps studied, but this was not
taken into consideration for the study at this time.

EPR spin trap measurements in this study were considered in-situ measurements as
the various TiO2 suspensions were directly illuminated while in the EPR cavity, and the
resulting EPR signal was monitored as a function of UV irradiation time. Blank tests
were run to determine that the UV source did not significantly affect the EPR signal, that
the EPR tubes and deionized water used in the study did not result in an EPR signal. The
stability of the nitroxide solutions prior to their addition to the TiO2 suspension was also
investigated. Five hundred µmole/L solutions of nitroxyl spin trap for AP, CP, and CM
showed no EPR signal decay for 30 min for both dark conditions and after UV illumina-
tion. Fresh DMPO solutions (with no TiO2 present) showed no EPR signal initially or
after UV irradiation. Hence, the stability of all spin trap solutions under UV irradiation
was considered acceptable for the measurement period. Any decay or increase in the EPR
intensity of the spin traps was considered a result from the TiO2 reactions.

Figure 13—Chemical structures of spin traps used in the EPR studies: (a) AP= 3- aminoproxyl,
(b) CP= 3-carboxylproxyl, (c) CM= 3-carbamoylproxyl, (d) DMPO= 5, 5-dimethyl-1-pyrroline-
N-oxide.
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EPR spectra for fresh solutions of nitroxide spin traps, AP, CP, and CM, without TiO2,
are shown in Figure 14. The spectra show the three characteristic nitrogen hyperfine
lines,66 and for similar spin trap concentration the shape and the position of the spectrum
are similar for all spin traps despite the different functional groups. Quantification of the
intensity of the EPR spectrum, which is a 1st derivative of the EPR absorption signal, was
done by double integration of a specific EPR line. The doubly-integrated intensity of an
unsaturated EPR spectrum is believed to be to proportional to the concentration of the
radicals in the solution.72 Hence, in this study, reported EPR intensity for most spin traps
is the 2nd-low-field line (middle peak) after double integration.

EPR intensity decay plots were generated for the nitroxide spin traps to compare the
hydroxyl generation and, hence, the photoreactivity for the TiO2 specimens. A large
decrease in the EPR intensity as a function of irradiation time indicates a highly photore-
active TiO2 speciman. Reproducibility of the spin trap method was tested as shown in
Figure 15. The concentrations of spin trap and TiO2 in each system were kept constant

Figure 14—EPR spectra of
nitroxide spin traps before UV
irradiation. 

Figure 15—EPR intensity
decay plots for TiO2 speci-
mens in the AP spin trap.
Filled symbols represent the
first trial. Open symbols repre-
sent the second trial. Standard
uncertainty in the intensity
values is ± 2%.
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for the two different trials and the EPR spectrum of each TiO2/spin trap system recorded
under dark conditions did not change in intensity for 1 h. The EPR intensity of the spin
traps decreased significantly with UV irradiation and all three TiO2 specimens presented
reproducible decay trends. Moreover, the various TiO2 pigments showed different effects
on spin trap AP consumption during UV irradiation. The EPR intensity decay plots for
the series of TiO2 systems for all three nitroxide traps are shown in Figures 16-18. The
majority of the TiO2 specimens show a decrease in the concentration of the nitroxide trap
over UV irradiation time, regardless of the type of spin trap. However, there was a dif-
ferent ordering of photoreactivity for the series of TiO2 specimens depending on the spin
trap used, as shown in Table 5. In all cases, TiO2 A showed the greatest photoreactivity.
The lack of spread in the curves for the CP and CM spin traps resulted in many of the
TiO2 specimens with the same ranking as their EPR intensity decay curves overlapped.
These differences in photoreactivity ranking may be due to the flocculation of some TiO2
specimens at the particular pH of the spin trap. This hypothesis is currently being inves-
tigated using light scattering techniques.

A difference in the slopes for the EPR intensity decay curves generated for each TiO2
specimen was observed as a function of the specific nitroxide spin trap used. This differ-
ence is an indication that the electrostatic attraction of the spin trap to the TiO2 particle
can affect the resulting photoreactivity value. The zeta potential of most pure TiO2 spec-
imens is pH ≈ 4. Therefore, for suspensions in which the pH > 4 the TiO2 surface is neg-
atively charged, for pH = 4 the TiO2 surface has no charge, and for pH < 4 the TiO2 sur-
face is positively charged. However, there are some TiO2 specimens with surface treat-
ments of aluminum oxide, silicon oxide, or zirconium oxide, which can raise the initial
TiO2 zeta potential from pH = 4 to between pH = 6.5 to 8.0. As a result, for the AP spin
trap studies all TiO2 specimens have a positively charged surface as the pH of the
AP/TiO2 systems ranged from 7.7 to 8.1; but for the CP spin trap studies, where the pH
of the CP/TiO2 systems ranged from 5.1 to 5.9, there is a mix of negatively to positively
charged TiO2 surfaces depending on the TiO2 specimen surface treatment. The pH of the
CM/TiO2 systems ranged from 3.7 to 3.8, but the charge on the TiO2 surfaces in these
systems was considered negligible as there is no charge on the CM spin trap. 

Figure 19 illustrates the effects of electrostatic attraction of the spin trap to the TiO2
particle before UV irradiation on the EPR intensity. It is not surprising that there is some

Table 5—Photoreactivity Ranking for TiO2 Specimens based on Spin Trap Measurements

Spin Trap

AP CP CM
Most Photoreactive A A A

G E G
J G J
H I B
K B H
B K F
E F E

Least Photoreactive F J I
I H K
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variation in the EPR intensity depending on the TiO2 specimen and its surface treatment,
but a general trend is apparent. The stronger electrostatic attraction for the AP/TiO2 sys-
tem results in a greater decrease in the initial concentration of the AP spin trap after TiO2
addition. The change in concentration observed for the CP/TiO2 systems is markedly
lower, an indication of a weak electrostatic interaction. If the spin trap is not physically
close to the surface of the TiO2 particle, the free radicals generated from the TiO2 parti-
cle cannot be efficiently trapped or titrated. More work is underway to further understand
this electrostatic attraction phenomenon and possible particle flocculation using light

Figure 16—EPR intensity decay plots for TiO2 specimens in the AP spin
trap. Standard uncertainty in the intensity values is ± 2%.

Figure 17—EPR intensity decay plots for TiO2 specimens in the CP spin
trap. Standard uncertainty in the intensity values is ± 2%.
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Figure 18—EPR intensity decay plots for TiO2 specimens in the CM
spin trap. Standard uncertainty in the intensity values is ± 2%.

scattering techniques. However, hereinafter the results from the AP spin trap system will
generally be used to rank the general photoreactivity for the TiO2 series.

The DMPO spin trap was also investigated to identify the specific free radicals gen-
erated during UV irradiation in aqueous solution and other solvents. In this work, only
the formation of hydroxyl radicals is discussed. Figure 20 shows the EPR spectra for
DMPO spin-adducts after reaction with specific radicals. No EPR spectrum is observed
with DMPO initially, but after radical reactions with DMPO, distinct EPR spectra are

Figure 19—Nitroxide spin trap adsorption when added to suspen-
sions of TiO2 specimen. AP represented by solid bar and CP repre-
sented by bar with diamond pattern. The solid horizontal line repre-
sents the initial AP concentration and the dashed horizontal line
represents the initial CP concentration before TiO2 addition.
Standard uncertainty in the intensity values is ± 2%.
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seen for the different DMPO spin-adducts. Out of the entire TiO2 series, only TiO2 G, A,
B, and K were found to produce the characteristic EPR spectrum for the DMPO hydrox-
yl spin-adduct. It was also observed that EPR intensity of the DMPO hydroxyl spin-
adduct decreased with increasing UV irradiation time as shown in Figure 21. This decay,
which was also reported by Grela et al.,70 was affected by both initial DMPO and TiO2
concentration and believed to be a reaction of the DMPO hydroxyl spin-adduct with
excess hydroxyl radicals present in solution. An optimum concentration of DMPO 
(0.25 millimole/L) was found to provide the greatest concentration and least decay for
the DMPO hydroxyl spin-adduct. Only TiO2 G and A produced the highest concentra-

Figure 20—Schematic for DMPO spin-adduct formation after specific radical
reactions.

Figure 21—Plots of EPR intensity
versus UV irradiation time for
DMPO/TiO2 specimens. Standard
uncertainty in the intensity values
is ± 2%.
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tions of the DMPO hydroxyl spin-adduct, a further indication that these TiO2 specimens
are highly photoreactive. The DMPO studies showed that there is only a small subset of
the TiO2 series that generate detectable amounts of hydroxyl radicals in the aqueous sus-
pensions. Interpretation of this finding is underway. Additionally, experiments to exam-
ine the effect of solvents on the radical species generated for the TiO2 series have begun.

SOLID STATE METHOD: The EPR technique was also used to directly measure free
radical generation in TiO2 materials using solid state measurements at lower temperature
(77 K). Signal intensity in an EPR spectrum provides evidence of unpaired electrons in
the sample. The position of the EPR signal or g-factor can indicate the type of unpaired
electron; that is, if it is organic or inorganic in nature. The g-factor, g, is defined as

g = hν / µB B0 (3)

where h is Planck’s constant, ν is the frequency, µB is the Bohr magnetron, and B0 is
external magnetic field. The hyperfine interactions observed by the hyperfine structure
within an EPR spectrum can reveal the molecular structure and environment near the
unpaired electron. The linewidth and/or lineshape of the EPR spectrum can also provide
information about the molecular motion in a sample with the unpaired electrons. 

With this information in mind, the EPR spectra of the TiO2 series were examined at
77 K before and after UV irradiation. The g-factors for the EPR instrument used in this
study were calibrated using a standard reference compound, 2, 2-diphenyl-1-picrylhy-
drazyl (DPPH), which has a known g-factor value of 2.00037.29 Figure 22 illustrates the
change in the EPR signal for TiO2 A. An increase in the EPR intensity at g = 2.014 and
g = 1.979 is observed with increasing UV irradiation time. After the UV source is turned
off, the EPR intensity of the peak at g = 2.014 decreased more rapidly than the EPR peak
at g = 1.979. The EPR peak at g = 2.014 has been reported to be a component of the hole-
centers produced near the TiO2 surface.73,74 The EPR signal located at g-factor = 1.979
has been assigned as a species related to the electron trapping sites, which is usually rep-

Figure 22—EPR spectra for TiO2
A as a function of UV irradiation
time.
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Figure 23—EPR spectra for a series of TiO2 specimens after UV irradia-
tion. The EPR spectrum for TiO2 K is reduced by 1/50 to achieve the
same scale as other TiO2 specimens.

Figure 24—EPR spectra for TiO2 specimens as a function of UV irradiation time
and extent of TiO2 hydration. Dashed-line spectra represent the TiO2 specimens
before UV irradiation and solid-line spectra represent the TiO2 specimens after UV
irradiation. Spectra (a) and (b) represent TiO2 G in the as-received state and after
dehydration (under vacuum at 85°C for 10 d), respectively. Spectra (c) and (d) rep-
resent TiO2 A as-received and after dehydration, respectively. 
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resented as a Ti+3 group on TiO2 particles.75,76 Figure 22 suggests that the electron trap-
ping sites are more robust and longer lasting than the hole-centers for TiO2 A. Figure 23
shows the EPR spectra for the series of TiO2 specimens after UV irradiation. Each TiO2
specimen has a different EPR spectrum; however, all have EPR peaks in the positions
where hole-centers and electron trapping sites are located. Most of the anatase specimens
have more complex EPR peaks in the hole-center region. The lineshape and linewidth of
the EPR spectra should reveal information about the solid-state physics of the photoreac-
tivity for the TiO2 samples and how it differs for the various manufacturing processes.
For example, the width of the hole-center EPR peak is sharper for some TiO2 systems,
particularly TiO2 J, than others. This could indicate possible neighboring nuclei and slow-
er relaxation times for the electrons in TiO2 J. The electron-trapping sites for TiO2 G are
markedly different than those observed on the other TiO2 systems. The peak is located at
a higher g-factor, g = 1.988 versus g = 1.969, indicating a different spin state and coor-
dination environment near the unpaired electron. The width of the peak is also broader,
an indication of rapidly relaxing electrons. More detailed interpretation of these EPR
spectra are in progress. 

Lastly, the extent of hydration of the TiO2 system was investigated using the solid-
state EPR technique. As has been reported,1-3 the generation of hydroxyl radicals from
pigment fillers is believed to lead to the degradation of a surrounding polymer matrix.
One condition under which hydroxyl radicals form is in the presence of adsorbed water.
Therefore, the effect of adsorbed water on the radical generation was monitored for the
TiO2 systems. TiO2 powders were dehydrated by evacuation under vacuum at 85°C for
10 days. The dehydrated TiO2 powder was sealed in an EPR tube and immediately ana-
lyzed in the EPR instrument and compared with the EPR spectrum obtained for the as-
received TiO2 specimens (Figure 24). Dehydration of the TiO2 systems appears to reduce
the amount of hole-centers produced as shown by the reduction of the EPR peak at low-
est magnetic field. For TiO2 G, the EPR intensity for the hole-center region decreased by
60% compared to the as-received sample. For TiO2 A, there was an 80% decrease in the
hole-center region compared to the as-received sample. However, the EPR intensity for
the region of the electron-trapping sites was not significantly affected in either sample.
This type of experiment on TiO2 can provide insight into the solid-state physics of pho-
toreactivity and how the TiO2 manufacturing process affects hole-center and electron-
trapping site production. This is the direction in which our research is heading.

UV EXPOSURE OF PIGMENT-FILLED POLYMER FILMS

The aim of this study is to examine the effects of surface treatment and concentration
of pigment on the degradation of a resin system and determine the extent of protection
that pigment addition contributes to polymer durability. A less durable, but well-charac-
terized amine-cured epoxy was chosen for the investigation to minimize the time neces-
sary to detect degradation. The epoxy and pigment were analyzed separately to obtain an
understanding of their individual contributions to chemical changes observed for the pig-
mented system. Three commercially available TiO2 particle types were selected, having
properties shown in Table 6. In general, the reactivity of the TiO2 particles is directly
related to surface treatment as determined by the chemical assay and EPR measurements. 
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XPS was used to monitor the changes in the surface chemistry of the pigmented poly-
mer as a function of UV irradiation time. The hypothesis was that a highly photoreactive
pigment would degrade the surface of the polymer film at a greater rate than a more
durable or less photoreactive pigment. The dispersion of the pigment in the epoxy film
was not considered for the results in this work, but is known to significantly affect the
degradation of the polymer system and will be discussed in a future publication. Using
XPS, the atomic concentrations of carbon (C), oxygen (O), and nitrogen (N) can be fol-
lowed. Additionally, the chemical components in the pigment filler, i.e., titanium (Ti), sil-
icon (Si), and aluminum (Al), can also be examined upon severe degradation or chalk-
ing. XPS results showed that oxidation in the epoxy films increased with increasing UV
irradiance time as indicated by an increase in O 1s atomic concentration from 17%–18%
initially to 28% –36%. These results indicate that the pigment did not provide any notable
protection from photodegradation as these values were not significantly different from
the unpigmented epoxy film. The N 1s atomic concentration also increased by about
40%, which reflects a change in the crosslinking in the polymer. These changes coincide
with the decreases in the C 1s concentration in all epoxy films. The decrease in C 1s
atomic concentration ranged from 14%–17% from the initial value and a slightly lower
decrease; 12% was observed for the unpigmented epoxy film. 

Figure 25 shows the high-resolution C 1s spectra for the epoxy films with TiO2 F and
TiO2 A, extremes in pigment photoreactivity. Changes in the C 1s peak shape are
observed with increasing UV irradiation, and the same peaks were observed for the

Figure 25—XPS spectra of the C 1s region for pigmented epoxy films with increasing UV exposure.
Spectrum (a): epoxy film with TiO2 A. Spectrum (b): epoxy film with TiO2 F. The green spectrum rep-
resents the initial pigmented epoxy film before UV exposure.

Table 6—TiO2 Properties Used in Epoxy Polymer Films

Reported Particle Surface
Designation Diameter (nm) Treatment Photoreactivity

TiO2 F ≈250 Al2O3 and SiO2 (12%) Low
TiO2 E ≈250 Al2O3 (6%) Med
TiO2 A ≈20 None High
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epoxy films regardless of the pigments and pigment concentrations used. Figure 25
shows a slightly greater initial reduction in the C 1s region for the epoxy containing the
more photoreactive pigment, TiO2 A, but these changes level off for both pigments after
the second week of UV exposure. A new C band appears at higher binding energy with
increasing photodegradation. This shift of 3.9 eV relative to the adventitious carbon peak
at 285.0 eV is indicative of carbonyl species containing C–O–C=O (4.0 eV shift) or
HO–C=O (4.3 eV shift) or carbonyl species associated with nitrogen, i.e., O=C–N–C=O
(3.6 eV shift) or N–C=O–N (3.8 eV shift).77 Clark and Munro78,79 also noted similar
changes in the carbon region during photooxidation for a bisphenol A polysulphone (the
epoxy component). An increase of ca. 1.0 eV in the full-wide at half maximum (FWHM)
in the O 1s region with UV irradiance was observed for all epoxy films. This is an indi-
cation of new oxygen species forming during photodegradation. Curve-fitting of all XPS
high resolution element regions will be completed for further interpretation of the degra-
dation results. This will help to identify the chemical species in the film formed and/or
lost during the photodegradation process. 

Traces of pigment were not observed on the sample surface until after five weeks of
UV exposure (Figure 26). It should be noted that a trace amount of silicon (0.5%)
observed in the XPS results was due to the interaction of the epoxy with the silicone
release paper. For the epoxy film with TiO2 F (silica treated), a marked increase in the Si
concentration (2.0%–2.4%) was observed in the third week of UV exposure (Figure 26b).
This high Si concentration compared to the maximum Ti concentration (0.2%) is not
unusual as XPS is more surface sensitive, but it indicates that more pigment is exposed

Figure 26—XPS spectra of the different chemical regions for pigmented epoxy films with increas-
ing UV exposure. Spectrum (a): Ti 2p region for epoxy film with TiO2 A. Spectrum (b): Si 2p
region epoxy film with TiO2 F. Spectrum (c): Al 2p region for epoxy film with TiO2 E.
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in this epoxy film. Epoxy films with alumina-treated TiO2 E also show evidence of the
pigment on the surface of the epoxy film after a slightly shorter period of UV irradiation
(Figure 26c). Hints of the titanium oxide present on epoxy films with TiO2 A (no surface
treatment) are also evident after two weeks of UV exposure with larger contributions
observed after five weeks of UV exposure. All the results are evidence of pigment chalk-
ing that occurs with increasing photodegradation of the polymer matrix. In general, XPS
results have shown that there appears to be a similar and rapid increase in the degrada-
tion of the epoxy system regardless of incorporated pigment, an indication that this epoxy
system may be too photo-unstable to accurately assess the effect of pigment photoreac-
tivity. 

ATR-FTIR was used to confirm the assignment of XPS C 1s, O 1s, and N 1s peaks
and to monitor the chemical degradation of the epoxy films. While ATR-FTIR is consid-
ered a surface technique, it is not as surface sensitive as XPS and so some variance
between the two results are expected. An example of ATR-FTIR spectra is shown in
Figure 27. ATR-FTIR results before UV exposure show the presence of a ketone car-
bonyl band at 1720 cm–1, of a C=N band at 1654 cm–1, and of an aromatic ester band at
1510 cm–1. With increasing UV irradiance time, the formation of a peak at 1762 cm–1 and
increases in the 1654 cm–1 band were observed. Additionally, there was a marked
decrease in the 1510 cm–1 and 2952 cm–1 bands, an indication of chain scission in the
backbone of the epoxy system. The ketone C=O stretch at 1762 cm–1 and the chain scis-
sion of the backbone at C–H at 2952 cm–1 for all epoxy films is plotted as a function of
UV dosage in Figures 28 and 29, respectively. No marked differences in the rates of
chemical change were observed between the various TiO2 particles as may be expected
given the range in the particle reactivity as a function of surface treatment. However, the
rate of oxidation of the epoxy system was about 1.7 times greater than the rate for the
decrease in the mass loss. It appears that the unfilled epoxy system showed the greatest
extent of oxidation while the epoxy filled with TiO2 F (least UV reactive) showed the
least oxidation (half that of the unfilled epoxy). These results are similar to the XPS
results observed after longer UV exposure times. Chain scission was greatest in the

Figure 27—ATR-FTIR spectra for epoxy films before (black) and after UV irradiation (red): (a)
epoxy film with no pigment added, (b) epoxy film with TiO2 A.
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epoxy-TiO2 A system (1.5× greater than for the unfilled epoxy). These results are consis-
tent with those reported in the literature.44,80 Quantification of the ATR-FTIR results will
be done using a peak ratio method in a future publication. This study showed that the
photostability of the polymer matrix is an important variable that needs to be taken into
account. The epoxy system used in this study degraded too quickly to be able to distin-
guish the photoreactivity effects of the various TiO2 particles. A study using an acrylic
urethane polymer, a more photostable system, and similar pigments has been completed
and the results will be reported in a future publication. 

Figure 28—Extent of UV degradation in the epoxy system as monitored by
ATR-FTIR. An increase in the oxidation products is shown by the C=O
stretch at 1762 cm–1 for epoxy films with TiO2 F (diamond), with TiO2 E
(square), and with TiO2 A (triangle). Error bars represent the estimated
uncertainty of K=2 (95%).

Figure 29—Extent of UV degradation in the epoxy system as monitored by
ATR-FTIR. A decrease in mass loss by the C–H stretch at 2952 cm–1 for epoxy
films with particle A (diamond), with TiO2 F (square), and with TiO2 A (trian-
gle). Error bars represent the estimated uncertainty of K=2 (95%).
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SUMMARY AND CONCLUSIONS

Photoreactivity measurements of TiO2 using spectrophotometric assays, EPR spec-
troscopy, and performance tests of UV exposed pigmented epoxy systems were present-
ed. Spectophotometric assay methods appear to be useful for measuring and ranking TiO2
pigment photoreactivity. The reaction mechanism of the assay must be taken into account
to accurately rank the pigments for photoreactivity. However, the spectrophotometric
assays are highly susceptible to a large number of variables that have historically neither
been controlled nor measured. The assay matrix appears to affect TiO2 particle cluster
size, which in turn may influence photoreactivity values. In particular, the pH of an assay
system can affect particle cluster formation. In addition to cluster size of pigments, other
variables such as buffer composition and TiO2 concentration were also shown to affect
photoreactivity. From a practical standpoint, until measurement and control metrologies
and protocols are imposed, the results from such analyses are suspect. The results from
this study will be used to optimize the standard assay protocol to account for the interac-
tions of pigments with the assay matrix. 

EPR spectroscopy has been shown to be a powerful technique capable of monitoring
small concentrations of free radicals by use of spin trapping methods or directly using
low temperature, solid-state EPR measurements. For spin trap methods, electrostatic
interactions of the spin trap molecule with the surface of the TiO2 particle must be taken
into consideration. However, in cases for which the electrostatic attraction and concentra-
tions of both spin trap and TiO2 specimen are optimized, the spin trap method can provide
a sensitive measure for a wide range of TiO2 samples with varying photoreactivity. Solid-
state EPR measurements on TiO2 samples have the potential to directly compare free rad-
ical generation and solid-state physics properties over a range of TiO2 photoreactivity. By
using the EPR signal intensity as evidence for unpaired electrons, the position (g-factor)
of the EPR signal as an indication of the type of unpaired electron, the hyperfine structure
of the EPR signal for information on the molecular structure and environment near the
unpaired electron, and the linewidth/lineshape of the EPR signal for information about the
molecular motion in a sample with the unpaired electrons, one can determine the type of
hole-centers and electron-trapping sites found in each type of TiO2 sample. 

Finally, a performance test involving UV exposure of pigmented polymer systems
was also used to examine the effects of TiO2 photoreactivity on the durability of a poly-
mer matrix. Surface-sensitive spectroscopic techniques were used to follow the degrada-
tion of the polymer matrix. Preliminary results show that in the case of photo-unstable
epoxy polymer, the photoreactivity of the TiO2 filler did not have any significant effect
on the degradation of the polymer. The studied pigmented epoxy systems showed simi-
lar trends in oxidation and mass loss, regardless of TiO2 photoreactivity or TiO2 concen-
tration. Future studies will use a more photostable polymer matrix where accelerated
rates of degradation can be linked to particle reactivity and will include characterization
of particle dispersion. 
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INTRODUCTION

The past decade has seen significant advances made in the ability to predict the serv-
ice life of thermoset clearcoats. Much of this work has been done under the auspices of
the J. Martin group at NIST (National Institute of Standards and Technology). Many of
the early studies focused on melamine1- and urethane2-crosslinked acrylics, inspired by
automotive clearcoats, while more recent intensive studies have used a model epoxy sys-
tem.3 A key concept of this approach has been to use the dosage (absorbed UV-visible
energy) as a metric to put on a common scale the chemical damage done to the system
under different exposure conditions. 

In the NIST studies, infrared absorbance data, as measured by transmission FTIR
spectroscopy, have typically been used as measures of the chemical damage done to the
system. The transmission absorbance bands are a measure of the total chemical change
occurring in the bulk of the sample, whereas, at least for the case of the epoxy system
exposed outdoors, AFM microscopy shows that surface damage develops in a very het-
erogeneous fashion. Nevertheless, the use of bulk infrared (IR) data as a proxy damage
metric seems to be successful in this case, in terms of the ability to generate “universal”
curves linking chemical damage and dosage, regardless of the exposure conditions. 

Chapter 30

A Quantitative Model for Weathering-induced
Mass Loss in Thermoplastic Paints 

Kurt A. Wood* and Ségolène de Robien

Arkema, Inc., 900 First Ave., King of Prussia, PA 19406

We explore the mass loss behavior of model acrylic latex paint, using the
framework of a simple conceptual model distinguishing different contributions
to the photochemical mass loss rate. By independently monitoring the physical
thickness and coating mass loss, the mass gain from oxygen uptake in
clearcoats can be distinguished from an actual net mass loss. The degradation
rate near the top surface was found to be greatly enhanced versus the rate in
the bulk, both for clearcoats and pigmented coatings. Increasing levels of rutile
TiO2 cause a reduction in the rate of steady state mass loss, as would be
expected from pigment screening effects; however, at the lowest pigment level
studied (2% by volume), the mass loss rate is a factor of 3–4 higher than what
would be expected considering the clearcoat mass loss rate in combination
with the measured UV attenuation from the pigment as a function of coating
thickness.

*Author to whom correspondence should be addressed.



For thermoplastic pigmented paints, it is evident that some kind of different damage
metric besides IR transmission will be required. A number of other vibrational spec-
troscopy techniques are available which can be used with infrared opaque systems, and
which could potentially give some degree of depth resolution to the damage. Here, we
report on experiments to explore whether mass loss measurements might successfully
serve as proxy measure of damage, for model clear and pigmented thermoplastic paint
systems using an acrylic latex. 

A focus on mass loss for thermoplastic paints is thought to be appropriate for several
reasons: a measurable mass loss is often concurrent with the period when significant
gloss loss occurs; physical changes resulting from mass loss should result directly in
gloss effects, so that modeling gloss loss is possible in principle; and the photooxidative
pathways of many acrylic resins are known to include chain scission and “unzipping”
reactions which lead to mass loss through the volatilization of the reaction by-products.4,5

In a major 1981 review paper, Colling and Dunderdale6 pointed out that, even if the
pigment in a paint only has a protective (UV light blocking) function, the evolution of
gloss loss and chalking will be substantially different depending on whether the coating
binder degrades primarily at the air interface (“erosion”), or throughout the bulk as far as
light is able to penetrate (“contraction”). From a chemical kinetics standpoint, this means
that the bulk binder may undergo photodegradation at some particular rate, but there
might also be an enhancement of the rate at or very near the top surface of the coating.
Since pigments, and particularly the most important pigment in coatings, TiO2, can also
have some photocatalytic surface activity, this could be a third mechanism contributing
to the photodegradation rate. Colling and Dunderdale presented considerable evidence
for the contraction mechanism being the dominant one in paint systems where low pho-
toactivity grades of TiO2 were used.7

Based on this conceptual distinction between different photodegradation pathways,
we have developed a quantitative model for the mass loss rate of a paint film, as a func-
tion of parameters like the pigment volume concentration (PVC) and coating thickness
(see Appendix for details). 

The quantitative model is based on the contraction model premise that pigment parti-
cles which absorb and scatter radiation will reduce the “bulk” mass loss rate by attenuat-
ing the penetration of UV light into the film. On a “macroscopic” scale (i.e., a scale large
enough that the particulate nature of the pigment is not important), a Beers Law-type
expression can be used to describe the light intensity as a function of depth, and for a
given pigment dispersion, an effective “extinction coefficient,” ε can be defined relating
the depth intensity of the light penetration to the pigment volume concentration, c [equa-
tion (A10)]. Contributions to the mass loss rate from surface effects, and from pigment
photoactivity, are added to the bulk mass loss rate to give the total mass loss rate.

To our knowledge, this is the first time a quantitative model of this generality for the
mass loss rate has been attempted. An early model by Sperry and Mercurio8 considered
erosion effects only, though it had the advantage of generating an analytical expression
for the evolution of the surface roughness, which could be directly linked to gloss. 

In this chapter we present the results of some experiments to explore the potential and
limitations of the quantitative mass loss model. Model paints were based on an acrylic
latex binder. The photodegradation process was accelerated by using a UV fluorescent
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cabinet, with UV-B (313 nm) bulbs. To test the quantitative model, paints were prepared
at a variety of PVC levels (2%, 8%, and 24%) and thicknesses. The lower PVC levels
were chosen deliberately to allow for greater penetration of light into the bulk. This
would be expected to increase the bulk mass loss contribution.

EXPERIMENTAL 

The acrylic latex used was Rhoplex™ AC-3001 from the Rohm and Haas Company.
This latex was chosen because it is an all-acrylic latex with a particle size and minimum
film formation temperature (MFFT) (27°C) very similar to PVDF-acrylic hybrid materi-
als which Arkema, Inc. has recently developed. The acrylic formulations used ethylene
glycol butyl ether (EB) as the coalescent, following manufacturer starting point formula-
tions, at a level of 10 wt% on resin solids. Pigmented formulations were prepared by
adding to a clearcoat formulation the appropriate amount of a pigment dispersion, made
using the following recipe. The dispersion was prepared using a high speed disperser, to
a Hegman reading of 7+.

Deionized water...................................................................................135 g
Disperbyk®-180 (BYK-Chemie) ........................................................12.5 g
Ammonia (diluted at 7% in water).......................................................0.2 g 
TegoFoamex™ 810 (Degussa).............................................................1.2 g
Triton™ CF-10 Surfactant (Dow Chemical) ..........................................5 g 
TiPure® R-960 (DuPont) ....................................................................500 g

The paints were drawn down on top of chromated aluminum panels using a variety of
wire wound rods, to achieve paint films of different thicknesses. For the clearcoat formu-
lations, a second set of coatings was also prepared over a baked 70% PVDF black paint
to look at the effect of the intensity of the light inside the film. The film samples were
air-dried overnight and then were annealed at 60°C for three days to remove as much
residual coalescent and other volatiles as possible, prior to exposure testing. 

The annealed samples were then exposed in a UV fluorescent cabinet (ASTM G 53-
88) using UV-B (313 nm) bulbs and temperature conditions according to ASTM D 4587
Condition D (8 h light at 60°C plus 4 h condensation at 45°C). The coated panel size was
15 cm x 7.5 cm, of which an area of 9.5 cm x 6.3 cm, was exposed to UV light.
Measurements of the coating thickness, panel mass, and 60° gloss were taken at suitable
intervals. To minimize the experimental scatter in the mass loss data, the measurements
were only taken near the end of the light (dry) cycle. 

The mass loss data, presented in the following section, show two distinct types of
behavior in different time regimes. After the first several hundred hours, all samples were
observed to lose mass at a constant rate, over the remaining time of the test (1100–1200
h total exposure time). We designate this time period as the linear mass loss regime. In
this regime, the mass loss rates can be determined with high precision from the slope of
the mass versus time curve. The analyses presented below are for the behavior in the lin-
ear mass loss regime (approx. 300–1100 h cabinet exposure). 

During the first few hundred hours of exposure, a higher degree of mass loss variabil-
ity is observed. The analysis of the kinetics during this transient period will be presented
in a subsequent paper. 
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EXPERIMENTAL RESULTS FOR ACRYLIC CLEARCOATS 

Extent of Linear Mass Loss Regime and Substrate Effects

As mentioned above, under the UV-B test cabinet conditions employed, after an ini-
tial transient or “induction” period, both pigmented paints and clearcoats of the acrylic
latex were observed to lose mass at a constant rate over the next 1000 or more hours of
exposure. Representative mass loss curves are shown in Figure 1; the mass loss rate is
equal to the slope of the line. The reproducibility of the mass loss rates at a given thick-
ness, for panels prepared and exposed at different times, turns out to be very good (one
example is shown). It should be noted that the initial mass of the exposed portion of a 38
micron clearcoat is about 275 mg, so that the total mass loss at 1100 h exposure, about
40 mg, is about 14% of the initial mass. 

The mass loss curves for the same clearcoats over a black PVDF substrate are shown
in Figure 2. They reveal a somewhat greater transient mass loss in the first 300 h or so
of exposure, especially for the thicker films. At least some of the transient mass loss may
be attributed to incomplete physical drying of the samples prior to beginning the expo-

sure testing (including some
material which may have
been effectively trapped in
the black PVDF primer
layer). Some other evidence
for this is discussed in the
next section. 

After the transient period,
a constant mass loss rate
(constant slope) is again
observed, through at least
1000 h of exposure. In the
spirit of equation (A3) of the
Appendix, Figure 3 com-
pares the steady state mass
loss rates for the two sub-
strates, as a function of initial
dry acrylic film thickness.
The rates were determined
using linear regression, over
the period 300–1000 h UV-B
cabinet exposure. It can be
seen that the slopes of the
lines, which are proportional
to the bulk mass loss rate per
unit volume, are about twice
as large for the samples on
chromated aluminum as for
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Figure 1—Weight loss of acrylic coatings upon UV-B exposure,
on chromated aluminum.

Figure 2—Weight loss of acrylic clearcoats on top of black
PVDF primer.



the samples on the
black substrate. 

We believe that this
difference can most
easily be attributed to
differences in UV light
intensity within the
bulk of the clearcoat
films. The clearcoat has
a high rate of transmis-
sion for UV light at
most wavelengths, so
light penetrating into
the coating from the top surface will normally travel substantially unattenuated through
the clearcoat, to the substrate interface. If that light is reflected rather than absorbed, it
will again travel through the clearcoat and exit the film; consequently, the internal light
intensity should be roughly twice as large for the case of a reflecting substrate compared
to an absorbing one. This would then be expected to cause a doubling of the photodegra-
dation rate. 

Based on the least squares fit calculations, the y-axis intercept in Figure 3 (correspon-
ding to the “surface” mass loss rate contribution) is also somewhat larger for the case of
the reflecting substrate; although, as is evident from the graph, the data are not precise
enough to say whether there is a real difference. It should be emphasized that this “sur-
face” contribution is not simply an additional one-time quantity of material (in mil-
ligrams) that is lost from the coating, but is an ongoing contribution to the mass loss rate
during this period of the experiment, over and above what is contributed to the rate sim-
ply by having more material present (i.e., making the coating thicker). The size of the
contribution is surprisingly large, being a quarter to half the size of the total rate. 

The quantitative mass loss model predicts that, because of pigment shielding effects,
the mass loss rate will be reduced relative to the bulk clearcoat mass loss rate. We would
expect that in these calculations, the clearcoat rate on the absorbing substrate would be
the “correct” one to use as a reference rate. 

Mechanistic Insights

Some insight into the chemical mechanism of degradation in the UV-B fluorescent
chamber was obtained by other physical and chemical measurements. As a complement
to the mass loss measurements, the evolution of the thickness of the clearcoats on chro-
mated aluminum was measured using a Permascope unit. The Permascope results are
shown in Figure 4; as would be expected, the same general trends are observed as are
seen in the mass loss measurements, though with less precision. 

The two sets of results can be put on the same scale (i.e., mass loss or thickness loss),
and compared quantitatively if the coating density as a function of time is known. As a
first approximation, one might assume that the density is constant. The results of the
comparison, assuming a constant acrylic density of 1.20 (an estimate derived from the
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Figure 3—Comparison of mass loss rates for acrylic clearcoats. Error
bars indicate experimental uncertainties in the mass loss rates (the least
square slopes of the curves in Figure 1), at a 95% confidence level.  



latex wet density and
solids), are shown in
Figure 5. A systematic
discrepancy between the
mass loss and thickness
loss results can be seen,
suggesting that the
assumption of constant
acrylic density is not cor-
rect. In fact, the direction
of the discrepancy—the

observed mass loss rate not being as high as would be expected based on the thickness
loss rate—indicates that the density of the clearcoat is increasing somewhat over time.
An increase in the density of 3.3% (1.20 to 1.244) over the course of 1100 h exposure
would account fully for the observed differences.

An increase in the density due to UV-B exposure in air is not unreasonable, since one
would expect the gradual incorporation of oxygen into the binder as various photooxida-
tion products (e.g., hydroperoxides, ketones, carboxylic acids) are formed. Direct evi-
dence confirming this was obtained spectroscopically. Attenuated total reflection infrared
spectra of the unexposed and exposed regions of the sample panels show clear evidence
in the 3500 and 1700 cm–1 regions for a significant increase in the concentration of oxy-
genated species in the near-surface regions. The surface oxygen content for this sample
was also measured directly for one sample using XPS. For this sample after 1100 h UV-
B exposure, the atomic O:C ratio went from 27% to 38%. The incorporation of this much
oxygen throughout the bulk could easily increase the bulk density by several percent,
which would fully account for the different rates inferred for mass loss between the
Permascope and the direct measurements. 

RESULTS FOR PIGMENTED COATINGS

According to the contraction model for gloss loss and chalking, pigment particles
which absorb and scatter radiation can reduce the “bulk” mass loss rate by attenuating the
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Figure 4—Thickness evolution of clearcoats as measured with a
Permascope unit.

Figure 5—Shrinkage rate (i.e., rate of loss of physical film thickness) from Permascope
measurements and calculated from mass loss data.



penetration of UV light into the bulk. On a “macroscopic” scale (i.e., a scale large enough
that the particulate nature of the pigment is not important), a Beers-Lambert-type expres-
sion would be expected to describe the light intensity as a function of depth, and for a
given pigment dispersion, an effective “extinction coefficient,” ε, can be defined relating
the depth intensity of the light penetration to the pigment volume concentration, c, [equa-
tion (A10)]. To test these relationships, paints were prepared at a variety of PVC levels
(2%, 8%, and 24%) and thicknesses. The lower PVC levels were chosen deliberately in
order to allow for greater penetration of light into the bulk. This would be expected to
increase the bulk mass loss contribution. In addition, at very low PVC, there is a mini-
mal contribution from particle packing and CPVC effects,9 which are not treated in the
basic model. 

Using free films of the paints, the UV-visible transmission of light through the films
can be measured directly using a UV-visible spectrometer. Using a Lambda-850 UV/Vis
spectrometer (Perkin Elmer, Inc.), we have measured the UV-visible transmission spec-
trum of several films. An integrating sphere attachment was used to collect the transmit-
ted light at all angles. The results are shown in Figure 6. The angle-integrated percent
light transmission is substantially greater than the transmission rate measured using the
typical UV/Vis setup for transparent samples and dyes, where only the collimated trans-
mitted light is collected. 

The data in Figure 6 show that for the 2% PVC sample with a thickness of 13.7 microns,
the percent transmission through the film in the UV region (300-400 nm) is about 32% of
the incident intensity. A large reduction in the transmission rate can be noted below about
400 nm, the approximate value of the band gap for rutile TiO2. Defining a Beers-Lambert
extinction coefficient, εT, for transmission through the expression
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Figure 6—UV-Vis transmission of light through pigmented free films as obtained
using an integrating sphere detector by a Lambda-850 UV/Vis spectrophotometer
(curves follow the order of the legend).



where c is the pigment volume concentration and z is the thickness, and noting that about
7% of the incident intensity is reflected from the incident surface and does not actually
enter the film (Figure 7), the extinction coefficient, εT, in the UV-B spectral region can
be calculated for each of the films of Figure 6. For each PVC level, very consistent val-
ues for εT were calculated independent of the thickness, validating the use of a Beers-
Lambert model. Average values of εT were 3.93 ± 0.07 μm–1 at 2% PVC, and 4.58 ± 0.06
μm–1 at 8% PVC (with the error bars denoting 95% confidence limits for the averages,
based on the standard deviation of the individual values for the averages). It is of inter-
est to note that the extinction coefficient appears to be about 15% higher at 8% PVC com-
pared to 2% PVC. This might be due to multiple particle scattering effects, or could like-
wise be a consequence of subtle differences in the pigment dispersion efficiency between
the two formulations. 
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Figure 8—Mass loss of acrylic coatings upon UV-B exposure on chromated
aluminum.

Figure 7—UV-Vis-Near IR reflectance of light through clearcoat and pigmented-
free films as measured with a Perkin Elmer UV-Vis-IR reflectometer.



An estimate of the relative contributions of scattering and absorption as a function of
wavelength can be gained by considering the reflectance spectra of the films, as shown
in Figure 7, as well as a comparison of the light transmission for collimated (unscattered)
light versus light transmitted at any angle. In the visible spectral region, scattering dom-
inates. An effective absorption/scattering cross-section can be calculated by multiplying
the collimated transmission coefficient, εc, times the pigment particle volume. In the vis-
ible region, with εc estimated at about 7 μm–1, the visible scattering cross-section is
almost exactly equal to the physical cross-sectional area of a 250 nm particle diameter. A
value this high also implies that the quality of the pigment dispersion in the dry paint film
is reasonably good (a result also to be expected given the good gloss and hiding power
of the paint). 

In the UV spectral region, absorption dominates over scattering—as would be expect-
ed given that the TiO2 bandgap sits at about 400 nm. The average distance that normal
UV-B light will travel into a film prior to absorption or scattering, given by (1/εcc), is on
the order of 13 μm at 2% PVC, 3 μm at 8% PVC, and 1.0 μm at 24% PVC. At 24% PVC,
this value is starting to approach the diameter of the TiO2 particles themselves, where the
continuum extinction coefficient model breaks down—a good reminder that, at typical
PVC levels for many commercial industrial coatings, a more realistic model of degrada-
tion will be needed which treats pigment particle effects properly.10 The distance esti-
mates are consistent with the physical expectation that above 10% PVC or so, most of
the photochemical/weathering activity will be localized in the top few microns of the
paint film. 

Figure 8 shows the mass loss curves for the pigmented films on chromated aluminum.
The films at 2% and 8% PVC can be seen to have a mass loss profile similar to that of
the clearcoat; i.e., there is a sort of induction period where the initial mass loss rate is
lower than the rate during the steady state period. The 24% PVC films, on the other hand,
show a more substantial initial loss of mass, before the steady state conditions begin. For
the 24% PVC films, some additional experiments, not reported here, strongly suggest that
the additional mass loss is due to incomplete volatilization of residual coalescent and
other low molecular weight materials during the pre-exposure annealing of the film. 

The steady state mass loss rates (300–1000 h UV-B) for the pigmented paint films, as
a function of coating thickness, are shown in Figure 9. Above a threshold thickness, (vis-

465

Figure 9—Steady state mass loss rates for pigmented acrylic films.



ible in the case of the 2% PVC films), the rates are independent of thickness, consistent
with the expectation that for opaque coatings, significant photochemistry can only occur
in the topmost layer. 

The coating gloss loss over the same period is shown in Figure 10. It may be seen that
most of the gloss is lost during the 1100 h exposure period, with the most rapid loss of
gloss occurring during the initial transient period. Some differences in behavior may also
be seen between the 24% PVC coatings (in a typical range for many commercial paints)
and the lower PVC coatings. In particular, the 24% PVC coatings with a substantial tran-
sient mass loss, also have a much “flatter” gloss loss profile, while the low PVC coatings,
like the clearcoat, show more rapid initial gloss loss, but with reduced mass loss during
the initial transient period.

According to the mass loss model in the Appendix, considering a PVC-independent
photocatalytic contribution and a bulk contribution whose size depends on pigment
shielding effects, the PVC dependence of the mass loss rate can be expressed as:

(A8)

For low enough PVC, where the surface erosion contribution is approximately constant
(i.e., (1-c) ≈ 1), this equation turns into a linear equation in the variable (1-c)/c, the
“inverse PVC.” 

Figure 11 shows that a linear relation is indeed obtained for the steady state mass loss
rates over the PVC range of interest. The magnitude of the intercept, which captures the
mass loss rate contributions from surface erosion and photocatalytic activity, is somewhat
lower than the “surface” erosion value measured for clearcoats. This value seems to be
very reasonable, since the TiO2 grade used here is considered to be highly weatherable,
and the TiO2 particles near the surface should have some screening effect.
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Figure 10—Gloss loss of acrylic coatings upon UV-B exposure.



The value of the slope, 0.31 mg/1000 h exposure, corresponds [using equation (A10)]
to a value εeff ≈ 1.14 μ–1. This value is much more surprising, as it is more than a factor
of three lower than the measured value for the actual UV intensity transmitted through
the coating, εT ≈ 4 μ–1. The lower value for εeff implies that the pigment-mediated steady
state bulk mass loss rate contribution is substantially higher than would be expected from
light attenuation effects alone (i.e., it is as if the UV light is penetrating deeper into the
bulk of the coating than would be predicted from the measured UV transmission values).
Possible reasons for this discrepancy are discussed in the next section. 

DISCUSSION 

The data presented above show that a simple conceptual model distinguishing differ-
ent contributions to the photochemical mass loss rate can yield valuable insights into the
physics and chemistry of the degradation process. In particular, the data for the acrylic
latex model system being considered here show that: 

• Initial transient effects can be very important and may reflect different kinetics
from later, “steady state” photodegradation processes

• The degradation rate at the top surface is greatly enhanced versus the rate in the
bulk, both for clearcoats and pigmented coatings

• Oxygen uptake and coating mass loss rates can be independently monitored by
carefully looking at both the coating mass and the physical thickness

A number of limitations of the simple conceptual model are also apparent from the
data and the physical considerations discussed in the previous sections. For “normal”
coating pigment loadings, nearly all the relevant photochemistry is happening in the top-
most 1–2 microns of the coating, in regions that are either in the immediate vicinity of
the topmost pigment particles, or which may be considered pigment-free regions lying
between the topmost pigment particles and the top surface. So, a truly quantitative model
will need to treat more realistically various effects related to the particulate nature of pig-
ments, and to their distribution in these regions. 

However, by far the biggest puzzle in the above data is surely the surprisingly low
value of εeff , i.e., the surprisingly high value of the slope in Figure 11. Because the
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Figure 11—Linear relation for steady state mass loss rate versus “inverse
PVC.”



abscissa of the graph varies essentially as 1/c, a high value for the slope can be seen to
correspond to a high value for the steady state mass loss rate at the lowest (2%) PVC
value. As mentioned above, this mass loss rate is a factor of 3–4 higher than what would
be expected considering the clearcoat mass loss rate, plus the measured UV attenuation
from the pigment as a function of coating thickness. 

Although it is highly speculative at this point, one might imagine several possible
physical mechanisms that could help to explain the discrepancy: 

• Based on the transmission curve of Figure 6, photons near the TiO2 bandgap
(around 400 nm) penetrate much more deeply into the coating bulk than UV photons. If
there is a significant contribution to the degradation photochemistry from this wave-
length, it could account for much of the difference. The acrylic resin itself is not photo-
sensitive at this wavelength; however, since we are considering here the behavior after
some exposure time, the mass loss contribution could be coming mainly from other
species, e.g., photooxidation products produced during the initial transient period from
the acrylic and from other formulation components. 

• The assumption of film homogeneity may not be correct; in particular, even if the
pigment distribution is approximately uniform as a function of depth, it is likely some
kind of surface enrichment of mobile surface-active species happens during latex film
formation.11 Being near the surface, these species would not see significant pigment
shielding (however, if this mechanism is dominant, one might expect to see some kind of
increase in the rate with increasing film thickness, which is not observed).

• Though this would be a minor effect, the actual light intensity inside the film
should actually be somewhat higher than the transmission spectra of free films suggest,
since light reaching the back side of the film at an oblique enough angle (due to scatter-
ing) will be reflected back into the film through internal total reflection, and so not be
measured by the detector.

• The physics of photon scattering from isolated pigment particles can in principle
lead to localized high intensity “hot spots” in the vicinity of the particle, where the binder
degradation rate would be enhanced.12

We are continuing to study this phenomenon further, beginning with more detailed
studies of the “transient” period. The transient period is critical for several reasons; first,
gloss loss is already occurring during this period; second, as we have noted above, chem-
ical changes during this period may be important in determining the later time photo-
chemistry of the coating. 

Even with a quantitative model that is able to correctly account both for the rate of
mass loss in the coating and its depth dependence, an additional modeling step is required
to link this mass loss to changes in gloss in the coating.13 Several groups have done
Monte Carlo studies along this line,14 however there has been a tendency in some of these
studies to assume that only an erosion mechanism is operative, i.e., that mass loss is only
occurring at the surface. A more adequate modeling approach would consider also the
effects of contraction processes, which would lead to a different near-surface pigment
structure, as well as differences in the degree of surface roughness. 
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In any case, it appears that a better understanding of both the chemistry and the
physics of the degradation process will be needed to truly make headway on predicting
the photochemical gloss evolution of thermoplastic paints.
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APPENDIX: QUANTITATIVE MODEL OF MASS LOSS 

This model for the coating mass loss rate does not depend on the mass loss rate being
constant versus exposure time; however, it is often experimentally easier to measure the
instantaneous mass loss rate precisely when that rate is constant over a period of time, as
is the case for the UV-B exposures we report on in this paper. It does disregard some of
the features of pigmented coatings related to pigment particle packing effects (notably
excluded are volume effects such as critical pigment volume concentration corrections);
hence, it will have the best chance of quantitative success for films with low PVC levels. 

We assume that the film/coating is uniform in the x-y plane, of thickness Z, with the z
(film thickness) direction defined so that z = 0 is the top (exposed) surface, and z = Z is
the bottom surface of the film. The mass loss rate M' is obtained by integrating the mass
loss rate/unit volume over the exposed volume of the film. The mass loss rate/unit volume
is assumed to be proportional to the light intensity I at each location. Again, assuming that
the light intensity is uniform in the x-y dimension and only varies with depth, the volume
integration can be converted in to an integration in the z-dimension, i.e., 

(A1)

where
Σ= exposed surface area of the coating; λ = wavelength of light; ϕ(λ) = the “quantum

efficiency”–i.e., mass loss rate/unit volume/unit light intensity at λ.

Case of a Clearcoat 

If there is effectively no light attenuation through the clearcoat, i.e.,

with Iz=0(λ) being the incident light intensity at the top surface, then 

(A2)

i.e., and for a collection of clear coatings of different thicknesses,
Z, the slope of the curve M'0 versus Z is equal to ΣΦ.

If there is an enhancement of the rate of clearcoat mass loss, near the top surface (an
“erosion” component), then it is necessary to add a term to the mass loss rate to describe
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this. For thick enough coatings, the erosion contribution will be a constant value, M'surf,
independent of the coating thickness, Z, but since the surface mass loss rate must be zero
in the limit of zero coating thickness, and since the surface enhancement mechanism may
be operative over some skin depth, ζsurf , then in general, 

in analogy with equation (A13) below. The more general case is then given by equation
(A3):

(A3)

This is shown schematically by the top, dotted gray line in Figure A1; the black middle
line shows the case where M'surf is negligible. The bottom, light gray line depicts a case
where M'surf is small, but where there is also a modest attenuation of the bulk rate, deep
inside the coating, due, for instance, to a slight absorption of the light, or a reduced level
of some reactant (e.g., oxygen) deep inside the film.

It should be pointed out that both the gray line cases, if sampled in the region denot-
ed by the dotted-line box, will give approximately linear plots with a non-zero intercept.
To distinguish the two cases, a broader range of thicknesses would be required. 

Pigmented Case 

When the binder contains a pigment at volume fraction c (0 < c < 1), then due to light
scattering and absorption from the pigment, the light intensity inside the coating is atten-
uated. At “low” pigment volume concentrations where the effects of near-neighbor inter-
actions of the absorption and scattering are not important, and for depths which are large
relative to the pigment particle size, a Beers-Lambert expression can be used to describe
the attenuation as a function of depth: 

(A4)

Figure A1—Mass loss rate as a function of film thickness for a clearcoat.



471

with ε(λ) being the extinction coefficient per unit pigment volume fraction, with units of
inverse length. This quantity can in principle be measured using a UV-Vis transmission
device, as long as representative optical conditions are employed (specifically, the trans-
mitted light should be collected at all angles using something like an integrated sphere;
also, the angular distribution of the incident light should match the exposure test condi-
tions since light penetration will on the average be deeper for normal incident light, ver-
sus light impinging on the film at an oblique angle). However, achieving these optical
conditions may not be easy in practice. 

Then from equation (A1) the mass loss rate at pigment volume fraction c, taking into
account also that the volume fraction of the binder in the coating is now (1-c), and also
assuming for the moment that the pigment only plays a light screening role and does not
contribute to the mass loss in any way, is:

(A5)

A. HIGH FILM OPACITY CASE: Considering the case where the pigment concentration
is high enough, and/or the coating is thick enough, that there is full film opacity, the expo-
nential term goes to zero for larger z, and the integration over thickness simplifies to: 

In this case the mass loss rate is independent of thickness Z:

(A6)

This can be simplified still further by noting that there should normally be a rather nar-
row spectral region where there is a significant contribution to the mass loss, i.e., the
product ϕ(λ)I(λ) will only be large for a small range of λ, (e.g., in the UV-B for an
acrylic). Then if 1/ε(λ) is approximately constant over this region, we note: 

(A7)

Adding in contributions from any surface-specific (erosion) component, and from any
photocatalytic contribution from the pigment surface, the most general expression for the
mass loss rate is then: 

(A8)

We note that the photocatalytic contribution for opaque coatings is assumed to be inde-
pendent of the pigment concentration, since the reaction rate is photon limited rather than



pigment surface limited (the photon absorption rate is independent of the pigment con-
centration; essentially, every UV photon is absorbed by a pigment particle, and has some
small probability of initiating photochemistry). 

And in the spirit of equation (A4) we note that an effective penetration distance for
degradation can be defined as: 

(A9)

or more generally and empirically, for the high opacity case, an effective extinction coef-
ficient, εeff, and penetration distance can be defined by combining data for the pigment-
ed coating and the clearcoat: 

(A10)

and for any particular concentration c, 

(A11)

The quantity εeff should be independent of the concentration; if it is, this would provide
a verification that the assumptions of the model hold, and that the relevant photochem-
istry can be accounted for using a weighted average extinction coefficient εeff. 

B. INCOMPLETE FILM OPACITY CASE: More generally, including at low concentration
and/or lower film thickness (incomplete film opacity), equation (A5) can be integrated to
give:
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Figure A2—Mass loss rate as a function of film thickness and
PVC.



(A10)

And in cases where we can make the approximation ε(λ) ~_ εeff , this simplifies to: 

(A12)

(A13)

Figure A2 shows the general shape of this function, for various values of c. 
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this mechanism should lead to a net increase in photochemically induced mass loss, but it would cer-
tainly localize the region where the photodegradation is occurring.

(13) Whitehouse, D.J., Bowen, D.K., Venkatesh, V.C., Lonardo, P., and Brown, C.A., “Gloss and Surface
Topography,” Annals of the CIRP, 43 (2), 541-549 (1994); Alexander-Katz, R. and Barrera, R.G.,
“Surface Correlation Effects on Gloss,” J. Polym Sci. Part B: Polym. Phys., 36, 1321-1334 (1998).

(14) Hunt, F.Y., Galler, M.A., and Martin, J.W., “Microstructure of Weathered Paint and Its Relation to
Gloss Loss: Computer Simulation and Modeling,” J. Coat. Technol. Res., 70 , 45-54 (May 1998);
Hinderliter, B. and Croll, S., “Monte Carlo Approach to Estimating the Photodegradation of Polymer
Coatings,” J. Coat.Technol. Res., 2 (6), 483-491(2005); Hinderliter, B.R. and Croll, S., “Simulations
of Nanoscale and Macroscopic Property Changes on Coatings with Weathering,” J. Coat. Technol.
Res., 3 (3), 203-212 (2006).
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INTRODUCTION

Titanium dioxide (TiO2) pigments are extensively used in polymeric products in the
building and construction industry. Incorporation of pigments affects the appearance and
mechanical properties of a coating. Pigments enhance gloss because of their high refrac-
tive index but decrease gloss through changes in a coating’s surface topography.1 In addi-
tion, a clear layer of binder has often been observed to form at the top surface of pigment-
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The effect of pigment dispersion on durability of a TiO2 pigmented epoxy coating during
outdoor exposure has been investigated. Well-dispersed and poorly dispersed coating
samples were prepared through the addition or absence of a dispersant in the coating
formulation. Ultra small angle neutron scattering (USANS) and scanning electron
microscopy (SEM) showed that pigment aggregation occurs in the absence of disper-
sant. A thin, clear layer of epoxy was observed at the air/exposed surface interface in
both the dispersed and non-dispersed samples. Chemical degradation and physical
changes during UV exposure were measured by attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR), atomic force microscopy (AFM), and
laser scanning confocal microscopy (LSCM). Results showed that the degree of pigment
dispersion and the thickness of the clear layer contributed to weathering. Changes in
surface topography and gloss loss during UV degradation were correlated with degree
of pigment dispersion. Ripples and bumps on the top surface of the poorly dispersed
coating greatly affected gloss. Bulk and surface mechanical properties were investigat-
ed using dynamic mechanical thermal analysis (DMTA) and instrumented indentation,
respectively. Relative to the neat epoxy coatings, the addition of TiO2 particles into the
epoxy coatings increased elastic modulus but decreased the glass transition tempera-
tures (Tg) of both of the pigmented coatings. Relationships between surface and bulk
mechanical property changes and chemical degradation are discussed. 



ed coatings, as reported by Rutter.2 Further, Colling and Dunderdale3 proposed the clear
layer theory which was based on its thickness and showed that gloss measurements were
affected. The introduction of rigid particles in polymers is also known to affect bulk elas-
tic moduli of materials, as well as the glass transition temperature (Tg).

4

The degree of pigment dispersion affects appearance. Differences in degree of pig-
ment dispersion come from two factors: (1) poor separation of the pigment particles dur-
ing mixing, and (2) pigment flocculation after mixing. The degree of pigment dispersion
can be improved through the introduction of additives, such as wetting and dispersing
agents, into the formulations.5,6

During outdoor exposure, polymeric binders weather due to their susceptibility to UV
radiation, temperature, and moisture. Metrologies exist for determining chemical, physical,
and appearance changes with exposure. Fourier transform infrared spectroscopy in attenu-
ated total reflectance mode (ATR-FTIR) is commonly used to measure chemical changes
of coatings during UV degradation, including chain scission and formation of oxidized
products.7,8 Atomic force microscopy (AFM) and laser confocal scanning microscopy
(LSCM) are also powerful techniques for quantifying topographic changes of polymeric
coatings resulting from surface roughening, pitting, and cracking.9-12 In combination, these
two microscopic techniques cover the length scale range from microns to millimeters.
During weathering, gloss is a relevant surface appearance property often correlated to coat-
ings durability, which is not a function of just changes in the binder’s topography with pho-
todegradation, but also of pits formation due to loss of pigment.13

The objective of this study was to investigate the effect of pigment dispersion on sur-
face morphology and appearance and mechanical properties of a TiO2 filled amine-cured
epoxy during outdoor exposure. Two levels of pigment dispersion were investigated—
“well-dispersed” and poorly dispersed. Well-dispersed pigments were achieved through
the addition of a dispersant; whereas poorly dispersed specimens were formulated with-
out a dispersant. Pigment dispersion characterization and particle size analysis of pig-
mented coatings were performed using ultra small neutron scattering (USANS) and scan-
ning electron microscopy (SEM), respectively. Changes in surface topography during
outdoor exposure were followed using AFM and LSCM. The gloss loss, measured using
a handheld glossmeter, was correlated to surface topographic changes and the different
states of pigment dispersion. Chemical degradation was followed using ATR-FTIR. To
determine the effect of pigment dispersion and UV degradation on mechanical properties,
the characterization of bulk and surface mechanical properties was performed using
DMTA and instrumented indentation, respectively. 

EXPERIMENTAL*

Materials

The amine-cured TiO2 pigmented epoxy system was a stoichiometric mixture of a
pure diglycidyl ether of bisphenol A with an epoxy equivalent weight of 172 g/equiv
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(DER 332, Dow Chemical) and 1,3-bis(aminomethyl)-cyclohexane (1,3 BAC, Aldrich).
The titanium dioxide pigment was a commercial alumina- and silica-coated rutile having
a mean particle size of 230 nm, and pigment volume concentration (PVC) was 15%. The
solvent was n-butyl acetate and 1-methoxy-2-propanol acetate at a 4:1 ratio. The well-
dispersed coating was formulated with 6% (by mass of pigment) of a commercial high
molecular cationic wetting and dispersing agent added to the formulation (BYK-166,
BYK-Chemie).

Sample Preparation

TiO2 pigmented epoxy films were prepared using a Dispermat (BYK-Gardner) with
30 mm diameter impeller as follows: 

(1) the epoxy resin was mixed with/without dispersant in the solvent at a mixing
speed of 209.44 rad/s for 20 min; 

(2) TiO2 pigment was added and mixed at 366.52 rad/s for 60 min; 
(3) the amine curing agent was added at the stoichiometric ratio with respect to epoxy

resin, and mixed at 52.36 rad/s for 10 min; the mixture was degassed for 1 h and drawn
down on release paper in a CO2-free, dry air glove box; 

(4) four replicate films for both the well-dispersed and poorly dispersed coatings were
cured at room temperature for 24 h in the same glove box, followed by a 2 h postcure at
130°C in an air-circulation oven; 

(5) film thicknesses were measured using a digital caliper and were found to be
approximately 150 µm; and, finally, 

(6) samples made from these films were randomly assigned to the weathering exper-
iments. 

Outdoor UV Exposure

Outdoor exposures were conducted on a National Institute of Standards and
Technology (NIST) laboratory roof located in Gaithersburg, MD. Specimens were loaded
in multiple-window exposure cells and placed in an outdoor environmental chamber at
5° from the horizontal plane facing south. The bottom of the chamber was made of black-
anodized aluminum, and the top of the chamber was covered with “borofloat” glass; all
four sides were enclosed with a moisture permeable fabric which prevented dust particles
from entering the chamber. The exposure cell was equipped with a thermocouple and a
relative humidity (RH) sensor. The exposure for this study was started in May 2006.

Pigment Dispersion Characterization

ULTRA SMALL ANGLE NEUTRON SCATTERING (USANS)—Pigment dispersion was
characterized via USANS at the NIST Center for Neutron Research (NCNR) using a per-
fect crystal diffractometer (PCD). Details of this instrumentation are provided else-
where.14 The USANS data presented in this chapter are one-dimensional absolute scat-
tered intensity profiles as a function of scattering wave vector q (q = 4π sin(θ/2)/λ, where
θ is the scattering angle and λ is the wavelength). The scattering intensity, I(q), can be
expressed as I(q) = Io P(q) S(q), where P(q) is the form factor, characteristic of the size
and shape of the particle. S(q) is the structure factor, related to the correlation function
describing the radial distribution function between particles.15
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SCANNING ELECTRON MICROSCOPY (SEM)—Backscattering SEM images were col-
lected on microtomed cross-sections with an accelerating voltage of 7 keV, at a magnifica-
tion of 5000x. Microtomed surfaces were not coated with gold. The particle size distribu-
tions of the imaged specimens were estimated using ImageJ image analysis software.16

Surface Morphology Characterization

ATOMIC FORCE MICROSCOPY (AFM)—A Dimension 3100 AFM (Digital Instruments)
was used to image the morphology and microstructure of TiO2 pigmented epoxy coatings
as a function of outdoor exposure. Images were obtained in tapping mode using commer-
cial silicon probes having a resonance frequency of approximately 325 kHz, a force con-
stant of 40 N/m, and a nominal tip radius of 5 nm–10 nm (values provided by
Micromasch). The scan rate was 0.5–1.0 Hz. The AFM images are height and three-
dimensional (3D) topographic images. Measurements were performed at almost the same
location on the sample used, allowing us to track the sequence of morphological changes
as a function of exposure time. The range of surface areas measured was from 5 μm x 5
μm to 50 μm x 50 μm.

LASER SCANNING CONFOCAL MICROSCOPY (LSCM)—A Zeiss model LSM510 reflec-
tion laser scanning confocal microscope was used to characterize the surface morphology
over exposure time in a range of surface areas from 1.8 mm x 1.8 mm to 60 μm x 60
μm. The incident laser wavelength was 543 nm. LSCM images are two-dimensional (2D)
intensity projections, which represent effectively the sum of all the light scattered back by
different planar layers of the coating by moving the focal plane. The pixel intensity level
represents the total amount of backscattered light. A z-step size of 0.5 µm was selected to
obtain a series of overlapping optical slices using the objective of 5x, and 0.1 μm using the
objective of 50x. The root-mean-square (RMS) surface roughness was determined from the
3D topographic profiles of coating surfaces. RMS roughness values were the average of
four measurements on the same samples used for AFM measurements. 

Chemical Changes

Chemical changes were followed by ATR-FTIR using a Nexus 670 FTIR (Thermo
Nicolet) with a MCT detector and an ATR accessory with diamond crystal (Durascope).
Pigmented and unpigmented coatings were sampled at four locations on each of four
replicate samples. A background scan was collected before starting each new sample. All
spectra were the average of 128 scans at 4 cm–1 resolution using dry air as the purge gas.
Spectra analysis was performed using a custom software package.17

Mechanical and Material Properties

DYNAMIC MECHANICAL THERMAL ANALYSIS (DMTA)—The glass transition temper-
ature (Tg) and storage modulus at 30°C (E′) were measured using a dynamic mechanical
thermal analyzer (DMTA, TA Instruments RSA III). Measurements were performed from
30°C to 170°C at 5°C/min, and at a frequency of 1 Hz. Glass transition temperature was
determined from the maximum of the tan δ peak. E′ and Tg values were the average of
three measurements.
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INSTRUMENTED INDENTATION TESTING (IIT)—IIT measurements were conducted
using a commercial indenter (MTS Nanoinstruments NanoXP, Oak Ridge, TN). The
exposed surface of the coating was indented to a depth of 2 μm at a constant strain rate
of 0.05 s–1. The indenter was a 90° diamond cone with a 10 μm diameter spherical tip.
Tip area function was calibrated using a fused silica standard.18 Contact stiffness was
measured as a function of indentation depth by imposing a 2 nm, 45 Hz oscillation to the
tip during loading. Coating modulus and hardness were calculated as a function of inden-
tation depth from the measured contact stiffness and calibrated tip area function.19 The
modulus for each indent was averaged over a depth of 1 to 2 μm, which is the indenta-
tion depth range where the modulus was constant. Reported values of coating modulus
are the average of 15 indentations, spaced over 5 x 2 array of indents (100-µm spacing)
and a second 5 x 1 array (100-μm spacing) located several millimeters away from the first
array.

Gloss Measurement

Specular gloss measurements were made using a handheld commercial glossmeter
(Minolta, Multi-Gloss model 268). Gloss measurements at 20° and 60° angles of inci-
dence were recorded. Reflectance areas for 20° and 60° gloss measurements were 9 mm
x 9 mm and 9 mm x 18 mm, respectively. The reported gloss values are the average of
20 measurements.

RESULTS AND DISCUSSION

Pigment Dispersion Characterization and Surface Microstructure

Dispersion of the TiO2 pigmented epoxy coatings prepared with and without disper-
sant was characterized using USANS, and the results are shown in Figure 1a. For the
non-dispersed sample, a rather pronounced slope of ca. –3.7 is observed at q < 10–4 Å,
corresponding to a length scale larger than 6 µm. In contrast, the USANS data suggest
that the sample with dispersant exhibited much less aggregation. The USANS data from
the sample prepared with dispersant also show a fairly good plateau regime in the Q
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Figure 1—(a) USANS profiles of TiO2 pigmented epoxy coatings prepared with and with-
out dispersant. Error bars are smaller than the size of symbols. (b) Guinier plot and fit-
ting to the USANS data for the well-dispersed sample.



range of ca. 10–3 Å to 10–4 Å,
corresponding to the so-called
Guinier region,20 indicating
that the particle size distribu-
tion (polydispersity) is nar-
rower than that of the non-dis-
persed samples. In addition,
the averaged particle size with
dispersant is smaller than that
without dispersant shown by
the point of change in the
slope as indicated by the
arrows in Figure 1a. 

Fitting the data points of the
sample formulated with dis-
persant in the Guinier region
to the Guinier’s equation,20

I(Q) = I(0)exp(-Q2RG
2/3)

where RG denotes the radius of
gyration, as shown in Figure
1b, and yields an averaged RG
= 140 nm ± 10 nm (or an
average diameter = 280 nm ±

20 nm) for the surface treated TiO2 particles. For purposes of comparison, ultra small
angle X-ray (USAXS) measurements were also performed on the sample with dispersant
(profiles not shown) and the data fit to a polydisperse hard sphere model, giving an aver-
aged diameter of 230 nm ± 10 nm with a polydispersity of 19% for only the TiO2 par-
ticles due to the x-ray contrast. The average diameter obtained from USAXS is slightly
smaller than that from USANS. However, these results are consistent with one another
and show the great efficiency of both scattering techniques for pigment dispersion char-
acterization.

Figure 2a shows cross-sectional SEM images in backscattering mode taken in the cen-
ter of microtomed films prepared with and without dispersant. Under these conditions,
pigment particles can be discerned by the bright spots in the SEM images. The image of
the coating containing the dispersant shows near uniformly dispersed pigment particles,
while pigment aggregates can be observed in the coating prepared without dispersant.

SEM images were computer image processed to obtain estimates of particle size and
quality of dispersion. SEM images of both pigmented coatings were first smoothed
through a median filter and thresholded at 145. Contrast images were obtained by assign-
ing a white pixel value to all original pixel values lower than 145 (Figure 2b). Then, par-
ticle areas were determined with the particle analysis command of ImageJ, excluding par-
ticles touching the edge of the image. Figures 3a and 3b display the histograms of the
particle size distribution for the coatings prepared with and without dispersant, expressed
as the apparent diameter calculated from the measured area. In the absence of a disper-
sant, a broad particle size distribution was observed having a mean value of 454 nm ±
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Figure 2—(a) Cross-sectional SEM images in the center of
unexposed coatings prepared with and without dispersant.
Bright spots are TiO2 particles. (b) Threshold images obtained
with ImageJ show pigment particles and aggregates. Dark
spots are TiO2 particles (scale bar = 5 μm).



280 nm. In Figure 3b, numerous aggregates having an apparent diameter greater than 750
nm, which are equivalent to aggregates formed with a minimum of three particles, were
noticeable. Note that the largest pigment aggregate was observed to have a diameter
greater than 2 μm (Figure 3b). On the other hand, the degree of aggregation was found
to be significantly reduced in coatings prepared with dispersant. The addition of the dis-
persant led to a narrow particle size distribution with a mean particle diameter value of
273 nm ± 131 nm. 

USANS data and SEM image analysis revealed significant differences in pigment dis-
persion and particle size distribu-
tion between coatings prepared
with and without dispersant.
Additionally, both pigmented sys-
tems showed a thick and well-
defined clear layer where no TiO2
particles were present near the
exposed coating surface. From
LSCM measurements, the thick-
ness of the clear layer ranged from
1 to 3 μm for coatings prepared
with dispersant, and from 3 to 6 µm
for coatings prepared without dis-
persant.21

Figure 4 displays 10 μm x 10 μm
AFM images of cross-sections near
the surface of cryofractured pig-
mented coatings prepared with and
without dispersant. The coating for-
mulated with dispersant shows a
clear layer thickness of approxi-
mately 2.5 μm, with the presence of
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Figure 3—Pigment particle size distribution in the center of microtomed TiO2 pigmented
coatings prepared with dispersant (a) and without dispersant (b), determined from SEM
images analysis. The bin size is 100.

Figure 4—10 μm x 10 μm AFM height images (left) and
phase images (right) near the surface of cryofractured
pigmented coatings, revealing the clear layer on the top
surface. Contrast variations from white to black are 300
nm for the height images and 25° for the phase images
(scale bar = 3 μm).



a well-defined boundary. Below it, TiO2 pigments appear to be randomly distributed, but
some particle-free areas are noticeable at 3-μm deep, especially on the AFM phase
image. Pigmented coatings prepared without dispersant present a thicker clear layer com-
posed of two phases. The first top clear layer having a thickness of approximately 2.8 μm
is very similar to that of the clear layer of coatings with dispersant, but is followed by a
second layer below it containing few pigments, with a greater thickness of 3 μm. The
presence of the dispersant did not cause the formation of the clear layer but its thickness
was affected by the presence of the dispersant and the dispersion of pigments.

Surface Topography Characterization with AFM and LSCM

Figures 5 and 6 display tapping mode AFM and LSCM topographic images of the pig-
mented epoxy coatings prepared with and without dispersant at specified exposure times.
AFM images provide topographic and microstructural changes with nanometer to
micrometer resolution, while LSCM is a larger area profiling technique.

For unexposed pigmented epoxy coating samples, LSCM images were unremarkable
in that they revealed little notable information. Surfaces of both epoxy systems appeared
to be smooth, with a few defects resulting from the sample preparation. The intensity of
LSCM images comes mostly from the backscattered light of TiO2. AFM analysis of a 50
μm x 50 μm area revealed significant differences in the morphology of pigmented coat-
ings prepared with or without dispersant, but no evidence of TiO2 particles was observed,
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Figure 5—LSCM and AFM topographic images of the pigmented coating
with dispersant during outdoor exposure in Gaithersburg, MD. Exposure
times, from left to right, are 40 d, 68 d, 137 d, and 151 d. From top to bot-
tom, lateral dimensions for LSCM are 1840 μm and 184 μm, and 50 μm and
10 μm for AFM. For each scale, approximately the same location was
imaged. The height scales for 50 μm x 50 μm and 20 μm x 20 μm AFM
images are 50 nm and 20 nm, respectively. 
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Figure 6—LSCM and AFM topographic images of the pigmented coating
without dispersant during outdoor exposure in Gaithersburg, MD. Exposure
times, from left to right, are 40 d, 68 d, 137 d, and 151 d. From top to bot-
tom, lateral dimensions for LSCM are 1840 μm and 184 μm, and 50 μm and
10 μm for AFM. For each scale, approximately the same location was
imaged. The height scale for 50 μm x 50 μm and 20 μm x 20 μm AFM
images is 50 nm.

since the polymeric binder covers all pigment particles. It is important to note that both
images have the same z-scale of 50 nm, allowing direct comparisons between the sys-
tems prepared with and without dispersant. For a well-dispersed pigmented film, the sur-
face was relatively smooth and uniform, with an RMS roughness value of 1.02 nm  ± 0.34
nm. On the other hand, the system containing no dispersant had a rough surface with
large ripples. The roughness of this system was found to be much greater, with a value of
10.30 nm ± 1.89 nm. At higher magnification, this topographic difference becomes unno-
ticeable, as shown on 10 µm x 10 µm AFM images, indicating the magnitude of the large
scale roughness is over the measurement scan size of 10 μm.

Macro-scale morphological changes due to photodegradation can be observed from
the 1840 μm scanning size by LSCM. For the first 40 d of exposure, surfaces remained
relatively smooth and featureless, which are similar to the unexposed specimens. After
68 d, cracks and few small protuberances, represented by dark spots, began to appear. At
longer exposure times, these protuberances became numerous and bigger, and cracks
became deeper and/or disappeared by erosion. During outdoor exposure, similar macro-
scale physical changes can be observed on both pigmented systems, independent of the
state of pigment dispersion. The RMS roughness based on 1840 μm x 1840 μm LSCM
images varied little in the first 68 d of exposure, but increased quite rapidly thereafter,
reaching a value of 2.23 μm ± 0.21 μm for pigmented epoxy coatings prepared with dis-
persant, and 2.29 μm ± 0.45 μm for the system prepared without dispersant after 150 d.



Micro-scale morphological changes during photodegradation can be observed in the
AFM 50 μm-length scan, while smaller scan sizes provide more detailed information on
nanostructural changes. AFM topographic images of these materials during outdoor
exposure revealed two stages. For the first 68 d, the surface of both materials shows the
formation of circular protuberances and pits, both of which disappeared almost complete-
ly at 68 d of exposure. Such degradation features, which are numerous for the film pre-
pared without dispersant, have previously been observed in unpigmented amine-cured
epoxy samples exposed outdoors.11 Both surfaces became rougher with the appearance
of bumps or ripples, as seen on 3D topographic images of Figure 7. Surface defects for
the pigmented coating prepared without dispersant were wide and high. Although numer-
ous similar defects were observed in the well-dispersed coatings, these defects were gen-
erally smaller in every dimension. AFM roughness, based on 50 μm x 50 μm images,
reached a value of 43.4 nm and 7.7 nm, respectively (Figure 7). At 137 d, both surfaces
became relatively smooth again at the micro-scale level, with the loss of ripples reveal-
ing erosion and material loss from photodegradation. 

Highly localized chalking was observed by AFM after 97 d of exposure. Figure 8
presents 5 μm x 5 μm AFM height images taken from one pigmented epoxy prepared
with dispersant at different exposure times. TiO2 particles were clearly visible protruding
from the surface. These results show individual pigments having diameters of about 250
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Figure 7—RMS roughness based on 50 μm x 50 μm AFM images for both pigmented systems as a func-
tion of outdoor exposure time, and 3D AFM topographic images at 68 d of pigmented coating prepared
with dispersant (left) and without dispersant (right). Lateral dimension is 50 μm. Height scale is 100
nm.

Figure 8—5 μm x 5 μm height AFM images of the pigmented coating prepared with dispersant showing
localized chalking and rearrangement of pigment on the surface at different exposure times. Height
scale is 20 nm.



nm. Some titania particles, that were initially held in place by residual polymer, became
locally rearranged on the surface after further exposure. The removal of loose pigments
left the top surface relatively smooth, unlike the behavior of systems formulated with
photoreactive pigment where hole formation occurs.13,22 However, this chalking process
was highly localized and appears to be attributable to particles that initially resided with-
in the clear binder layer. No comparison could be made with coatings without dispersant
since no chalking was observed in these samples at this time. 

Effect of Pigment Dispersion and Outdoor Exposure on Gloss

Gloss is an appearance property of materials related to the reflection of light by sur-
faces. In the coatings industry, gloss loss is often used as a measure of paint durability.
Figures 9a and 9b show 20° and 60° gloss changes during outdoor exposure for the same
samples used to characterize the surface topography changes. Gloss values observed for
these pigmented films before exposure are a function of surface roughness and refractive
index of the pigmented layer. For coatings with dispersant, the high gloss could be attrib-
uted to an increase of the refractive index of the pigmented layer and the relative surface
smoothness. Poorly dispersed samples exhibited larger surface defects and, correspond-
ingly, lower initial gloss values. During exposure, both coatings lost gloss, but at different
rates. While gloss changes were not observed in the first 30 d of exposure, a significant
drop in gloss for the system without dispersant is noticeable up to 80 d, followed by a rapid
increase. For longer exposure times, gloss changes for both systems have similar trends. 

The dramatic change in gloss for coatings prepared without dispersant is consistent
with the two-stage topographic changes observed by AFM over the same exposure peri-
od. The rapid gloss loss occurs when the 50 μm-scale RMS roughness rapidly increases
due to the formation of ripples, as seen in Figure 7. Then, the gloss increase correlates
with the loss of these surface defects via erosion, leading to a decrease of surface rough-
ness. However, this behavior is not observed in coatings with dispersant, even with the
surface smoothening process. Gloss change for the dispersed system appears to be main-
ly dominated by an increase of the macro-scale surface roughness resulting from the for-
mation of pits and cracks as observed by LSCM, and the contribution of the small struc-
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Figure 9—Gloss loss as function of exposure time for pigmented coatings prepared with and without dis-
persing agent at (a) 20° and (b) 60° of angles of incidence. Error bars represent one standard deviation.



tures observed by AFM. The correlation between gloss loss and macro- to micro-scale
surface topography during outdoor exposure is currently being investigated and these
results will be reported later.

Chemical Changes

Chemical changes in the exposed coatings were monitored by ATR-FTIR.
Measurements were performed on free films at different exposure times. Spectra of coat-
ings prepared with and without dispersant are shown in Figure 10. Note that the band at
1720 cm–1 is present in the spectra of the coating containing the dispersant prior to out-
door exposure. This band was absent for the pigmented system formulated without dis-
persant. This peak is attributed to the dispersant. To verify this assignment, a thin film of
dispersant was applied by spin casting onto CaF2 substrate, and the solvent was evapo-
rated following the same curing procedure used for pigmented epoxy coatings. The dis-
persant specimen was measured by FTIR in transmission, showing a peak at 1720 cm–1

due to acetate C=O stretching (spectra not shown).
During outdoor exposure, intensities of existing bands at 1510 cm–1 and 2925 cm–1

due to benzene ring stretching and CH2 stretching, respectively, decreased for all mate-
rials, indicating that chain
scission and mass loss take
place in the backbone of the
epoxy matrix. In addition,
the formation of oxidation
products was indicated by
the appearance of new bands
at 1720 cm–1 and 1660 cm–1,
which were assigned to
ketone C=O stretching and
amide C=O stretching,
respectively. Such chemical
changes are characteristic of
photodegradation reactions
for this amine-cured
epoxy.23 In this study, the
characterization of the pho-
todegradation process was
carried out by analyzing the
bands at 1510 cm–1 and 2925
cm–1, which are normalized
by their initial intensities,
and band intensity ratios
1510 cm–1/1660 cm–1 and
1510 cm–1/1720 cm–1; these
results are displayed in
Figure 11. Each data point
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Figure 10—ATR-FTIR spectra taken after 0 d, 7 d, 12 d, 26 d, 44
d, and 54 d of outdoor exposure in Gaithersburg, MD, for pig-
mented coatings prepared with dispersant (upper graph) and
without dispersant (lower graph).
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represents an average of 16 measurements, collected from four positions on each of four
samples.

In the early stages of outdoor exposure, the percentage decrease of intensities of bands
at 1510 cm–1 and 2925 cm–1 was greater for coatings prepared with dispersant than the
ones without dispersant. In the absence of dispersant, the rate of photodegradation was
observed to be similar to that of the unpigmented amine-cure epoxy. The relative loss of
each peak after 75 d remained constant. The formation of oxidation products for coatings
containing the dispersant appeared to be greater than for the other systems. Ratios of band
intensities 1660 cm–1/1510 cm–1 and 1720 cm–1/1510 cm–1 were used to minimize the
effect of contact area variability in the ATR-FTIR measurements. The results showed a
maximum after approximately 75 d, and decreased thereafter for coatings with dispersant.

This sudden decrease in intensity ratios for the system formulated with dispersant
occurred when the pigments started to appear on the surface of ATR-FTIR samples fol-
lowing surface erosion and removal of the binder from the surface of the film. The reduc-
tion of exposed polymer at the surface through chalking is most likely responsible for the
decrease in intensity ratios. 

For the pigmented coatings prepared without dispersant and for the unpigmented coat-
ings, the evolution of these ratios is quite constant and consistent. Chemical changes as
followed by ATR-FTIR reached a relatively steady state. However, photodegradation
reactions continue with UV exposure, suggesting that the thicknesses of the degraded
layer on the surface of coatings were greater than the penetration depth of IR beam in the

Figure 11—Upper graphs: relative change in FTIR-ATR absorbance peak at 2925 cm–1 and 1510 cm–1

as a function of outdoor exposure time for TiO2 pigmented epoxy coatings prepared with and without
dispersant, and the unpigmented epoxy. Bottom graphs: relative change in ratio of absorbance peaks
1720 cm–1/1510 cm–1 and 1660 cm–1/1510 cm–1. Error bars represent one standard deviation.
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coatings. Higher values are observed for pigmented coatings prepared without dispersant
relative to the unpigmented coatings, but are statistically similar. The greater experi-
mental variability observed at later exposure times are probably due to a poor contact
area between the surface of films and the ATR crystal. Since the ATR accessory used has
a contact area of approximately 1 mm diameter, the surface roughness of the degraded
films seen from LSCM results might have a negative effect on the measured absorption
intensities.

Overall, a high degree of similarity between the unpigmented amine-cured epoxy and
pigmented epoxy without dispersant may be explained by the thick, clear layer of binder
on the top surface. The penetration depth of the IR beam in the film surface during ATR-
FITR measurements is only up to a few microns. In such a case, FTIR results predomi-
nantly correspond to the clear layer in the system. Thus, chain scission and mass loss
processes, as well as formation of oxidation products, are similar to those of the unpig-
mented coatings. 

On the other hand, the faster degradation rate of pigmented coatings formulated with
dispersant under UV exposure might be related to the high polarity of dispersant used to
stabilize TiO2 against flocculation in the binder. The dispersing agent could have
increased the susceptibility of the system to UV and hydrolytic degradation. Additional
investigations are being conducted to identify the role of the polar dispersant in the degra-
dation of the epoxy.

Mechanical and Material Properties

BULK MECHANICAL PROPERTIES AND Tg—The effect of pigment dispersion on bulk
mechanical properties during outdoor exposure was followed by DMTA. Before expo-
sure, the glass transition temperature (Tg) of the unpigmented epoxy was found higher
than that of the pigmented coatings formulated with and without dispersant. The Tg was
126.2°C ± 1.7°C for the clear epoxy coatings and 112.4°C  ± 0.3°C and 113.3°C ± 2.4°C
for pigmented coatings formulated with and without dispersant, respectively. In addition,
the introduction of TiO2 particles increased the elastic modulus, E′, from 3.94 MPa ± 0.13
MPa for the unpigmented epoxy, to 6.31 MPa ± 0.01 MPa for the pigmented epoxy with

Figure 12—(a) Relative changes in glass transition temperatures of TiO2 pigmented epoxy coatings pre-
pared with and without dispersant, and the unpigmented epoxy as a function of outdoor exposure time.
The lines serve as a guide. (b) Relative change in bulk elastic modulus versus exposure time measured
by DMTA. Error bars represent one standard deviation.
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dispersant. The elastic modulus for the pigmented epoxy prepared without dispersant is
6.55 MPa ± 0.47 MPa. However, the different degrees of dispersion had little effect on
the glass transition temperatures and the elastic modulus of the pigmented coatings.

Tg and E′ are known to be good indicators of crosslink density and degree of cure for
crosslinked systems such as epoxy. These two properties are expected to increase with
crosslink density. However, the presence of pigments in the epoxy coating leads to a het-
erogeneous system composed of three phases: the binder, the pigment, and the
binder/pigment interphase. The increase in elastic modulus may be due to the reinforcing
effect of pigment. The reduction of the glass transition temperatures may be related to a
reduction of the crosslink density due to non-reacted epoxy and amine groups. The intro-
duction of pigments in the formulation increases its viscosity, which could lead to a
reduction in the mobility of reactive species.

Figures 12a and 12b show the relative changes in glass transition temperature (Tgr)
and the relative change in elastic modulus (E′r) for pigmented coatings and the unpig-
mented coating, respectively, as a function of exposure time. Tgr and E′r are defined as
the ratio of the glass transition temperature and the elastic modulus of photodegraded
film to that of the unexposed film. Each data point represents the average of at least three
measurements. Uncertainties are large but the trend is noticeable. All systems showed a
decrease in Tg during UV exposure (Figure 12a). The pigmented coatings with dispersant
experienced the lowest rate of decrease in Tg while the coatings without dispersant
underwent a faster decrease in Tg during the first 50 d of exposure, similar to the unpig-
mented epoxy film. The decrease in glass transition temperature for all systems was
approximately 11% for coatings without dispersant and 8% for coatings with dispersant
over the total exposure. 

The relative changes in elastic modulus with outdoor exposure time of unpigmented
and pigmented epoxy prepared with and without dispersant presented in Figure 12b show
that the bulk elastic modulus remains relatively unchanged, considering the great standard
deviation associated with the measurements. In addition, the effect of pigment dispersion
on the bulk mechanical properties measured by DMTA was not observed during the expo-
sure period. Since the chemical changes in coatings during UV exposure are mainly based
on a photochemical degradation occurring near the surface, bulk mechanical properties
may not be sensitive to changes of a few microns deep in the 150-μm thick films.

Surface Mechanical Properties

The surface elastic modulus and its relative changes with exposure time for the two
pigmented coatings and the unpigmented coating are shown in Figures 13a and 13b,
respectively. The surface relative elastic modulus (Er) is defined as the ratio of modulus
of photodegraded film to that of the unexposed film. The reported values were the aver-
age of 15 indentations at different locations. As can be seen in Figure 13a for the unex-
posed films, pigment dispersion had little effect on the initial elastic modulus. However,
the pigments present underneath the clear layer caused an increase in elastic modulus rel-
ative to the unpigmented epoxy coating. 

Outdoor exposure led to an increase of the elastic modulus for all coatings up to 60 d.
The unpigmented epoxy experienced the greatest increase in modulus, more than 50% at
54 d of exposure (Figure 13b). These results are consistent with those reported in the lit-
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erature.24 Thereafter, the surface modulus of the pigmented coatings prepared without
dispersant remained constant while the pigmented coatings formulated with dispersant
and the unpigmented coating experienced a slight decrease. The greater measurement
variability for the system with dispersant may be related to the appearance of pigments
at the surface, which led to an increase in the surface roughness. It is interesting to note
that a similar trend was observed for ATR-FTIR results at the same exposure time.
However, in the early stage of UV degradation, the increase of stiffness of the near-sur-
face region was likely caused by further crosslinking. Thereafter, the competitive reac-
tion was chain scission, which is thought to cause the small decrease of surface elastic
modulus. In addition, the contribution of the subsurface pigments on the relative elastic
modulus is also noticeable. Unpigmented coatings and pigmented coatings without dis-
persant had the same rate of photooxidation but the latter showed a lower increase in rel-
ative elastic modulus.

CONCLUSIONS

USANS and SEM measurements showed that the addition of the dispersant improved
the degree of dispersion of TiO2 pigment in epoxy coatings, resulting in a reduction of
the pigment aggregation in the cured coating. In addition, the dispersant may have had
an effect on the thickness of the clear layer at the surface, which played a significant role
in the UV degradation process.

AFM and LSCM measured morphological changes in pigmented coatings surfaces
during UV exposure, and showed that both pigment dispersion and thickness of the clear
layer played a role in the resulting topography during UV exposure. In the early stages
of exposure, the large pigment aggregates underneath the thick clear layer at the surface
of coatings prepared without dispersant produced large ripples. The increase in RMS
measured by AFM resulted in a significant decrease in gloss. On the other hand, gloss
change for pigmented coatings formulated with dispersant appeared to be mainly dom-
inated by the increase of surface roughness resulting from pits and cracks, as observed
by LSCM.

Figure 13—(a) Surface elastic modulus and (b) relative change in surface elastic modulus of TiO2 pig-
mented epoxy coatings prepared with and without dispersant, and the unpigmented epoxy as a function
of  exposure time. Error bars represent one stanard deviation.
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Chemical degradation and mechanical property changes as a function of exposure
time were measured by ATR-FTIR spectroscopy, instrumented indentation, and DMTA.
The results showed that chemical changes in coatings during UV exposure occurred
mainly near the surface and that the dispersant could have increased the susceptibility of
the coatings surface to UV degradation. Instrumented indentation was used to follow
changes in surface elastic modulus resulting from photodegradation. The increase of the
surface elastic modulus observed with exposure time was likely due to further crosslink-
ing. For the pigmented system formulated with dispersant, the appearance of pigments on
the surface decreased the intensity of ATR-FTIR peaks associated with the epoxy and the
surface elastic modulus, indicating that the surface might be dominated by exposed pig-
ment in this case. Bulk mechanical property changes measured by DMTA showed that
the incorporation of pigments increased the elastic modulus relative to the unpigmented
epoxy. However, the effect of pigment dispersion on the bulk elastic modulus changes
during UV exposure had no apparent effect. 
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INTRODUCTION AND BASIC CONSIDERATIONS

Determination of the efficiency and longevity of polymer stabilizers improves under-
standing of a complex of chemical and physical processes, some of them underrated from
the point of view of polymer lifetime prediction. The material properties and durability
of most polymers are subjected to changes resulting from degradation/aging during all
phases of their service life. The mode, extent, and/or mechanism of degradation are
strongly dependent on the intensity, duration, and combination of chemical and physical
stresses (i.e., environmental factors). Moreover, they are influenced by the intrinsic sen-
sitivity of the polymeric material to individual stresses, structural inhomogeneities in the
polymer matrix arising from commercial synthesis, or resulting from degradation, adven-
titious active impurities or sensitizers formed during degradation/aging of the stabilized
polymer containing various other additives (i.e., micro-environmental factors). Certainly,
too many factors are involved. Their diversity is reflected in changes in chemical, phys-
ical, or mechanical properties of the material and ultimately accounts for the failure of
the material.

Chapter 32

Effect of the Environmental Stress and Polymer
Microenvironment on Efficiency Trials and Fate 

of Stabilizers
J. Pospíšil, S. Nešpurek, J. Pilar

Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic
162 06 Prague, Czech Republic

Oxidizing and acid components of the atmosphere or acidic polymer-borne
impurities influence the material properties of stabilized polymers not only by
a direct attack on the polymer matrix but also by interactions with stabilizers.
The latter undergo sacrificial transformation/consumption, i.e., processes
forming an unavoidable integral part of their stability mechanism. The extent
of stabilizer consumption is affected by environmental stress. The performance
and longevity of stabilizers under the harsh conditions of over-accelerated
tests do not correspond to those taking place under natural environmental
stress. This chapter outlines this finding, and presents examples of the deplet-
ing effect of acid impurities on basic stabilizers or effect of oxygenation arising
from the photosensitizing activity of some colorants. Experimental data show
the dynamics and heterogeneity in processes characteristic of aging of stabi-
lized polymers that complicate a reasonable service life prediction.



The changes develop gradually
throughout the whole aging
process. In a latent phase (an
induction time, IT) the changes are
rather difficult to monitor. The
length of IT and the slope of the
post-IT curve are indicative of the
degradation progress and are influ-
enced by the severity of the envi-
ronmental attack together with a
complex of micro-environmental
factors. The changes in material
properties are stepwise and time
dependent, e.g., changes on the
molecular level (formation of car-
bonyl species, changes of molecu-

lar weight due to crosslinking and chain scission, density, crystallinity, mechanical char-
acteristics or physical properties (such as gloss, discoloration, and surface cracking).

The material lifetime of stabilized polymers is assessed according to failure criteria
selected as crucial for the commercial application of the product. The aim of the assess-
ment also requires an explanation of the gaps between knowledge of chemistry and
physics of aging of stabilized polymers and the results of mechanical and physical tests.
Links between the results of individual tests are often unclear; correlation of data is dif-
ficult or even impossible. It is sometimes questionable what data are the most suitable as
criteria for lifetime prediction.

Information expected from the complex assessment of efficiency and longevity of sta-
bilizers in polymers should include (1) data on common and principal causal atmospher-
ic components during testing, dominance of the individual component, and their combi-
nation or periodical changes resulting in superposition of effects influencing the final
result; (2) application of optimal assessment methods enabling a realistic correlation
between measured parameters and material properties, considering heterogeneity of
changes at the polymer molecular level and morphology, and elimination of over-accel-
erated testing making chemical and physical processes in polymers incomparable with
natural conditions.

Conventional mechanical tests (tensile strength, elongation, loss modulus, tensile
impact strength, Charpy and Izod impact strength), physical tests (time to embrittlement,
color, haze, gloss, surface roughness and cracking, melt mass-flow rate, solution viscos-
ity) and bulk spectral, chromatographic, or thermal analyses give overall data on the
changes and their time dependence. Since the beginning of the investigation, we have
been dealing with a heterogeneous system (heterogeneity in distribution of stabilizers,
amorphous and crystalline regions in semi-crystalline polymers, phases in polymer
blends) undergoing heterogeneous changes during aging/degradation [surface character
of photooxidation, diffusion limited oxidation (DLO), depth dependence of radiation
penetration, spatial gradients in stabilizer consumption, and formation of polymer degra-
dation products]. Information about these changes, particularly those affecting the behav-
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Figure 1—Time-dependent changes in EPDM films 100
μm thick upon irradiation at 35°C with artificial light
source having λ > 300 nm. ●—Molecular changes:
dynamic viscosity (tan δ 0.04 Hz); tgel = gel point. ■—
Chemical change: growth in carbonyl species at 1720
cm–1.1



ior of thick-walled articles, can be obtained by depth profiling using either the analyses
of mechanically separated layers of the aged material or by surface/near surface analyses
by various non-destructive methods, such as attenuated total reflection Fourier transform
infrared spectroscopy (ATR FTIR), electron spin resonance imaging (ESRI), or photoa-
coustic spectroscopy.

Despite the fact that most of the changes proceed in concerted mechanisms, the onset
and development of individual changes can be very different when compared on a time
axis. Processes in photooxidized poly(ethylene-propylene-diene-monomer) (EPDM) are
an example.1 Gelation of the material due to gradual crosslinking starts at the very onset
of oxidation and the material is fully crosslinked when only the very early stages of the
development of carbonyl species are detected (Figure 1).

Commodity and engineering plastics, elastomers, elastomer-modified plastics, fibers,
polymer blends, and coatings are commercial failures without additives in any common
or special application. Additives, stabilizers among them, enable the processing of poly-
mers, and shape and enhance their end-use performance.2 Stabilizers also influence the
development of polymeric materials making them value-added products helping to meet
increasingly stringent and regionally differing environmental regulations. The stabilizer
market is very cost-competitive, corresponding to the world growth of polymer produc-
tion, and is standardized across the globe. Stabilizer application is under stringent legis-
lation and environmental rules. The legal bans against particular stabilizers are globally
sensitive. Application of a particular stabilizer or stabilizer combination must be declared
in commercial polymers with appropriate details on the regulatory status of each stabiliz-
er with respect to industrial hygiene and environmental impact. On the other hand, there
is an understandable concern regarding cost-effective stabilization with stabilizers that
have long service lives and that provide efficient protection against aging.

Modern stabilization systems make polymeric materials very resistant to environmen-
tal stresses and result in long-lasting products. To determine their durability, accelerated
tests are necessary. To address philosophical and commercial concerns about stabilizer
testing, reproducible and reliable results are required within acceptably short timeframes,
thus allowing for the safe introduction of new high-performance products under applica-
tion conditions. The data are usually essential for tailoring material properties and stabi-
lizer formulations.

The testing parameters should provide a realistic estimation of the lifetime in an
expected environment. The primary need includes data applicable for material lifetime
prediction. In spite of the increased amount of information available, this is still a very
difficult task. Various theoretical treatments of the problem are far from the reality
because of gaps between knowledge of chemistry and physics of stabilized polymers,
involvement of a complex of factors (common, causal) of atmospheric chemistry and
environmental stress and their links to material engineering, including selection of prop-
er analytical methods and instrumentation. Heterogeneity of processes in stressed mate-
rials, spatial distribution of changes, and formation of concentration gradients of prod-
ucts are not easily described by a simple kinetic treatment used for lifetime prediction.

Various accelerated tests have been developed to monitor degradation of particular poly-
meric materials. Some of them have been recommended as standards. Effects in thermal
testing of stabilizers are rather well understood.3 Assessment of photooxidation/weather-
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ing of stabilized polymers is still a mixture of empirical and applied science and, conse-
quently, a rather difficult task.4 The process is affected by “common” and “accidental”
environmental factors stressing all components of the stabilized material in a seasonally
and globally changing, but in long-term, non-reproducible manner.

Links between the behaviors of various components in the system are not easily pre-
dictable without an experiment. This is one of the problems limiting a better exploitation
and generalization of results of mechanistic studies performed on simplified systems
under fixed environmental conditions. Another problem is a commercial pressure to get
fast information about the efficiency of stabilizers, mostly without any concern about the
reliability of the result due to over-acceleration of the tests.

Mechanistic analyses concerned with stabilizer testing are mandatory for explaining
why the application of a stabilizer at a specific environmental stress and particular com-
position of the matrix material was a success or a failure. This is the only way to under-
stand adverse interactions between individual components of the stabilized system
reflected in the final effect. The approach is also helpful in selecting an optimized addi-
tive system fitting requirements of the customer. Moreover, mechanistic analyses provide
information about chemical changes in structure or reactivity of “minority” components
(stabilizers) in the oxidizing stabilized polymer and on accumulation of their transforma-
tion products (structurally new compounds).

PROTECTION OF POLYMERS BY STABILIZERS 
AND STABILIZER FATE

There is a commercial concern to protect polymeric materials against degradation in all
phases of their lifetime: production, processing, storage, and indoor and outdoor applica-
tion. Current status of polymer stabilizers exploits all knowledge of mechanistic studies
dealing with relations between the structure and efficiency. Processing additives, long-
term heat and light stabilizers, and flame retardants of different structures are available.2

Polymer stabilizers are chemically more reactive than the polymer matrix itself. Their
original structure is transformed during their service time as a consequence of interac-
tions with polymer-borne free-radical intermediates (alkyls, alkoxyls, alkylperoxyls,
acylperoxyls), polymer-derived hydroperoxides acting in combination with solar radia-
tion. The role of polymer-borne O-centered radicals (POO., arising in the chain oxidation
of carbon-chain polymers) in sacrificial transformation of phenolic moieties in antioxi-
dants and UV absorbers (UVAbs) or amino groups in aromatic amine antioxidants and
antiozonants is a key process in their chain-breaking (CB) antioxidant mechanism and is
well understood.5-7 The process is considered as sacrificial stabilizer consumption and cre-
ates an integral part of the stabilizer active lifetime that cannot be avoided in any phase of
the polymer application. The inherent chemistry of the stabilizer mechanism reflects
harshness of the environmental stress and resistance of the polymer to degradation.

Similar to (photo)oxidative changes of the polymer on a molecular level, the sacrifi-
cial consumption of stabilizers has a heterogeneous character6-9 with characteristic con-
centration gradients. This accounts for randomly distributed sites in the polymer bulk or
near-surface layers with a high concentration of both oxidation products of the polymer
and transformation products of the stabilizer.
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In addition to sacrificial consumption, stabilizers are chemically attacked by atmos-
pheric oxidizing (ozone, nitrogen oxides) or acid pollutants and by polymer-borne impu-
rities (e.g., acid compounds from degrading polymers or additives), or residues of poly-
merization catalysts. An adverse effect of degradation-borne carbonyl groups on efficien-
cy of UVAbs is known.7

Compounds having different structure, molecular weight, and properties formed from
the originally added stabilizers accumulate gradually in the polymer matrix. Some of
them discolor or stain the matrix, and may antagonize other additives and differ in envi-
ronmental solubility or volatility.

Useful data on transformation chemistry of principal stabilizer classes have been sum-
marized.5-7 Determination of stabilizer consumption during the aging of polymers needs
appropriate analytical methods and model compounds of the principal transformation
products and typically is not a part of routine testing. The data are useful for assessing
the influences of testing severity on stabilizer longevity. Analytically determined
decrease of the added amount of the original additive does not always mean a loss of the
stabilizing efficiency, as in the case where some of the transformation products act as
active stabilizers (e.g., acid transformation products of thiosynergists) or as reservoirs of
activity in subsequent stabilization steps.5,6 Hindered amine stabilizers (HAS) are typical
examples of the latter group. 

The real depletion of the stabilizer activity accounts for irreversible transformation
into products that are no longer able to protect the polymer. Structures of transformation
products remaining in the matrix are mostly considered as polymer impurities, with some
of them having properties of initiators or sensitizers of oxidation.6,10 The decrease of the
originally added amount of the stabilizer may be also due to physical losses as observed
with UVAbs11 and even with oligomeric HAS.12

The consumption of the active stabilizer form in later phases of the lifetime of the
material results in reduction of the effective concentration of the stabilizing species
below the level needed to protect the aged polymer (containing increased amount of chro-
mophoric or catalytic impurities) against loss of service properties.

EFFECTS IN THERMAL TESTING OF STABILIZED POLYMERS

Thermal testing is common for the assessment of the processing stability of polymers
and of long-term heat aging (LTHA). Test conditions for evaluation of performance of
stabilizers during processing are kept very close to commercial conditions, i.e., without
significant acceleration.3 The performance and sacrificial chemistry of processing stabi-
lizers for polyolefins (PO), i.e., hindered phenols, organic phosphates or lactone or vari-
ous carboxylates, organotin stabilizers, and different co-stabilizers in poly(vinyl chlo-
ride) (PVC)2,6 are comparable with those that are commercially processed.

Assessment of hindered phenolic antioxidants, thiosynergists, and HAS in protecting
PO or elastomers during LTHA requires accelerated testing. Oven aging is typically used
and provides samples for the complex determination of chemical, physical, or mechani-
cal changes in the materials.3 Oven testing is performed with solid samples reflecting
polymer morphology and at increased temperatures that are reasonably close to those of
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the polymer end use. This allows a correlation of the stabilizer efficiency to real applica-
tion conditions.

Two effects that influence the thermal testing of solid semi-crystalline PO should be
mentioned. External stress during testing favors diffusion of oxygen into the polymer
mass, thus enhancing oxidation. It also hinders molecular repair by recombination of free
radicals formed by chain scission.3 Accordingly, the efficiency of stabilizers drops with
increasing stress due to increased sacrificial consumption.13 An increase of oxygen pres-
sure during LTHA forces oxygen to penetrate into deeper layer of the material. This test-
ing approach increasing oxidation rate alters gradients in polymer oxidation products and
stabilizer consumption in the near-surface and deeper layers. This reduces concentration
level of antioxidants in these layers that are less protected than at atmospheric pressure.
Moreover, the consumed stabilizers are only partially replenished by slow migration of
fresh stabilizers from the polymer bulk. This is particularly reflected in testing of aromat-
ic amines in elastomers and restricts correlation with natural LTHA.14

In addition to oven aging, testing methods such as measurements of oxygen uptake,
differential scanning calorimetry (DSC), or chemiluminescence (CL) are used for testing
thermal stability. DSC or CL detect the onset of the exothermic oxidation peak and its
shift by antioxidants interfering with propagation and termination steps of the oxidation
chain mechanism.3 The DSC results are fast but measurements are performed at high
temperatures, rather far from practical application. Isothermal DSC measurements were
recommended to determine oxidation induction times (OIT), particularly in PO. This oth-
erwise favorable method for monitoring the behavior of unstabilized polymers has a
drawback: temperature of the oxidation onset depends on polymer sensitivity and is very
high in oxidation-resistant semi-crystalline PO, particularly if they are effectively stabi-
lized. Consequently, the tests have to be performed at temperatures above crystal melting
points, too far from temperatures in practical use. Moreover, in the molten polymers the
morphological effects of the tested material or distribution of stabilizers are not reflect-

ed. Testing above melting points of the
material resembles more or less the behav-
ior in a homogeneous solution and is
unable to show specificity of the heteroge-
neous semi-crystalline solid system. In the
solid semi-crystalline polymers, as tested
by oven aging, the stabilizers are dissolved
only in the amorphous phase. This affects
patterns governing local concentration gra-
dients of the tested antioxidants, particu-
larly their participation in bimolecular cou-
pling reactions with polymer-derived free
radicals or autoreactions of antioxidant-
derived reactive species.6

Temperatures used for DSC-OIT
(180–220°C for PP15 or 145°C for acry-
lonitrile-butadiene-styrene polymer
(ABS)16 accelerate disproportionally
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Figure 2—Effect of the oven aging temperature
on efficiency of HAS in 1 mm thick PP plaques
(base stabilization 0.15% of a 1:1 mixture of
Irganox® 1010 with Irgafos® 168, 0.05% calcium
stearate). ◊—HAS-free standard. Samples con-
taining 0.1 % HAS: —Cyasorb UV 3346,  —
Chimassorb® 944, —Tinuvin® 622 and ❏—
Chimassorb 119.17

.



degradation processes with
higher activation energies as
compared with ambient con-
ditions. The DSC-OIT was
developed in times of domi-
nance of phenolic CB antioxi-
dants, tested conventionally
by oven tests in PO above
100°C and was recommended
as standard ASTM D 3895-94
for fast quality control of PO
containing CB antioxidants. A
linear regression analysis on a
plot of the OIT versus antiox-
idant concentration is
assumed. However, the
method is not ideal. Effects of material morphology, density or crystallinity are not con-
sidered. Various studies revealed problems encountering the application of DSC-OIT at
high temperature testing.3 It is limited to PO containing phenolic antioxidants having
rather high ceiling temperature, and gives erroneous or unpredictable results in monitor-
ing the contribution of secondary antioxidants. Moreover, even differentiation between
various strong phenolic antioxidants (to determine relations between structure and effi-
ciency) is questionable. The method fails completely in testing of modern HAS in their
function as long-term heat stabilizers. The loss of HAS efficiency above ca 110°C was
confirmed by oven testing (Figure 2).17 Efficiency of HAS in polypropylene (PP) drops
by increasing the testing temperature. Accordingly, it is insignificant at common DSC-
OIT testing range. According to industrial experience,15 the DSC-OIT method is useful
for a continuous quality control in commercial PO production where samples containing
the same polymer and stabilizer are compared. An application for selection of compo-
nents for optimized stabilization package is questionable.

It is difficult to correlate the DSC-OIT data measured conventionally at 180–220°C
with oven tests (performed at 100–150°C). Any correlation to common environmental
temperatures is almost impossible due to nonlinearity in extrapolation of data if thermal
intervals between measured and extrapolated temperatures are higher than 24–40°C.
Arrhenius-like plots give overestimating lifetimes as exemplified by DSC data measured
in stabilized PP melts compared with embrittlement data from oven aging of 120 μm PP
plaques (Figure 3)18 or as found by an attempt to extrapolate DSC and oven aging data
measured on stabilized high density polyethylene (HDPE) insulating cables to applica-
tion temperature.19 Consequently the application of DSC-OIT for a correct lifetime pre-
diction is questionable not only because of high temperatures incorrectly reflecting the
performance of stabilizers (direct oxidation of phenolic antioxidants by oxygen, low per-
formance if any of HAS over 110°C) but because of the temperature differentiation effect
on material properties of the polymer, such as the effect of gradual annealing at temper-
atures between 100 and 150°C on density, flexural modulus, tensile strength, impact ten-
sile strength, or elongation of PP.17 Relaxation processes due to translational mobility in
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Figure 3—Comparison of DSC data measured in stabilized PP
melts with oven aging embrittlement data of 120 μm thick PP
plaques. 1, 3: Base stabilization with 0.1% of a 1:1 mixture of
Irganox 1010 with Irgafos 168; 2, 4: Additional stabilization
with 0.1% Chimassorb 944 and 0.1% Tinuvin 622.18



the crystal phase or reorganiza-
tion in the amorphous phase
allow some deformation in the
amorphous fraction and may
influence physical delocalization
of stabilizers, oxygen perme-
ation, changes in free volume
and polymer density, localized
formation of polymer-borne oxi-
dation species, and related stabi-
lizer consumption.3 The
chemocrystallization process is
stabilizer dependent (Figure 4)20

and shows differences in the
development of the degree of
crystallinity in the PP homopoly-
mer stabilized either by phenol

Irganox 1010 or HAS Chimassorb 944 as a function of the oven aging time at 135°C.
Most of the interest in application of CL as a sensitive method for detection and deter-

mination of oxidation mechanisms of unstabilized carbon-chain polymers, PO in particu-
lar, has been academic. The method was mentioned in various papers. In principle, the CL
method is based on the consequences of formation and recombination alkylperoxyls POO.

in the oxidation chain process. This reflects sensitivity of the polymer matrix to oxidation.
The process is most correctly understood for PO. It is theoretically suitable for detecting the
influence of stabilizers scavenging POO. radicals (i.e., CB antioxidants: hindered phenols,
4-hydroxybenzoates, N,N’-dialkylhydroxylamines, and to some extent HAS in a part of
their complex activity mechanism) on thermal oxidation. The principle of the assessment
of the efficiency of CB stabilizers by DSC-OIT and CL-OIT is analogous. This also
includes some of the previously mentioned disadvantages: a direct determination of stabi-
lizers acting by other mechanisms than interference with POO. is difficult. 

CL allows the determination of OIT at lower temperatures than DSC, i.e., closer to the
temperature range when DSC is not sensitive enough to accurately detect the oxidation
onset.21 This makes CL-OIT a more suitable testing method for discriminating better
between PO samples containing low concentration of antioxidants. CL-OIT may replace
oven-aging tests in the case when monitoring of mechanical or physical properties is not
the principal failure criterion or for fast and informative comparison between stabilizing
systems in the same polymer substrate. The method can be used also for an informative
determination of residual thermal stability of PO or for a rapid indirect screening of the
relative performance of formulations of stabilizers in pre-aged coating.22 However, the
problem of the determination of efficiency of HAS in PO remains. The testing tempera-
tures are still too high. In spite of excellent development in instrumentation,23 the CL
method is still far from industrial acceptance for general testing of stabilizer efficiency in
PO. It is really difficult to predict potentials of tests in other synthetic conventional poly-
mers because of mechanistic uncertainties in the explanation of the process. [The problem
of a correct interpretation of measured data, necessity of simultaneous analyses (spectral in
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Figure 4—Change in degree of crystallinity of PP with oven
aging time at 135°C affected by the heat stabilizer: 1—
0.05% Irganox 1010; 2—0.05% Chimassorb 944.20



particular) excluding misinterpretation in correlation with changes on molecular level and
changes of material properties are a serious barrier for a common application in testing of
stabilizer performance and longevity in synthetic polymers other than PO.]

EFFECTS IN RADIATION TESTING OF STABILIZED POLYMERS

A substantial amount of data dealing with different aspects of photooxidation and
weathering of any kind of stabilized organic materials is available, along with descrip-
tions of testing devices. General information on the potential effects of solar radiation
and those of artificial radiation sources is sufficient to explain the most common phenom-
ena involved in polymer photooxidation.24 There is new information about the response
of light intensity on the development of physical properties of irradiated materials, effects
of alternating dark/light period,25 or effects of water spray on irradiated samples.26

In this part of the chapter we outline the effects of radiation on performance and dura-
bility of light stabilizers in exposed stabilized polymers and the effects of other compo-
nents than radiation on the fate of stabilizers in the material under accelerated tests. This
includes the results of model studies describing sacrificial chemistry of light stabilizers
and their longevity, and the effects of superposition of radiation and temperature affect-
ing fate of stabilizers. Effects of weather components other than radiation and oxygen
(atmospheric pollutants) that shape the fate of antioxidants and light stabilizers in weath-
ered materials are outlined in a separate section.

Common testing of weathering and photooxidation resistance involves monitoring of
changes on a molecular level (formation of new functional groups, changes in molecular
weight) and changes of physical and mechanical properties. More detailed investigation
revealed changes in polymer morphology and heterogeneity of phototriggered processes.27

So far the best simulation of the terrestrial sunlight in accelerated tests of stabilized
materials has been achieved with filtered xenon arcs in various weatherometers.
Information on the fate of stabilizers and other additives was also obtained in experi-
ments with fluorescent lamps emitting light in UV-B (UVB-313) or UV-A (UVA-340)
regions or with testers using filtered medium- or high-pressure mercury lamps. Individual
artificial sources may have a different response on the fate of light stabilizers due to dif-
ferences in the emitted light energy.

Three classes of light stabilizers protecting polymers with different mechanism have
been widely used6,7: UVAbs, photoantioxidants (HAS), and quenchers (Q). The most
interest has been paid to UVAbs and HAS. Most UVAbs are phenolic derivatives of ben-
zophenone, benzotriazole, and 1,3,5-triazine. Their phenolic character affects activity
mechanism and tranformation fate. Excellent efficiency and longevity have been
described by Excited State Intramolecular Proton Transfer (ESIPT) mechanism (Figure
5), based on strong intramolecular hydrogen bond (IMHB) (exemplified schematically
together with involved keto-enol tautomers for benzophenone-type (1), benzotriazole-
type (2) and triazine-type (3) UVAbs.7

501



The ESIPT mechanism (Figure 5) involving keto/enol tautomerism of phenolic
UVAbs describes the physical photoprocesses involved: absorption of a light quantum by
UVAbs in its ground singlet state So, formation of phenolic first excited singlet state S1,
the ESIPT to zwitterionic (carbonyl) excited singlet state of the tautomer S’1 that is trans-
formed by non-radiative internal conversion (IC) accompanied with some fluorescence
into ground state tautomer S’o returning into phenolic state So (Scheme 1).

Scheme 1—Example of keto-enol tautomers in benzotriazole-based UV Abs within the ESIPT mechanism.

The analysis of the ESIPT mechanism explains at the same time the potentials of
(photo)chemical depletion of the UVAbs efficiency and longevity after intersystem cross-
ing (ISC) from the singlet state S’1 and formation of long-living photoreactive triplet state

T’1 followed by phosphores-
cence accounting for T1. A part
of the UVAbs is converted by
ISC from triplet states to the
original ground state So. A part
of the UVAbs is lost by depleting
chemical transformations.

Some phototriggered process-
es interrupting the ESIPT mech-
anism and IMHB between
hydrogen of the phenolic HO
group and an oxygen-containing
acceptor moiety (in benzophe-
none-trype UVAbs) or nitrogen-
containing moiety (in benzotria-
zole- or triazine-besed UVAbs)
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Figure 5—Scheme of the ESIPT20 mechanism of phenolic
UVAbs. So, S'o and S1, S'1 = ground states and singlet states
of the phenolic and tautomer keto forms, respectively. T1, T'1
= triples states. IC = internal conversion, ISC = intersystem
crossing, hν'F = fluorescence, hν'P = phosphorescence.



bound intramolecularly are operative.6,7 The phenolic moiety in UVAbs can act as a scav-
enger of POO. radicals by H-transfer from the HO group [equation (1)] in a mechanism
typical for phenolic antioxidants,6,28 with all the consequences: formation of a related
phenoxyl and consecuvive molecular products having structures of peroxycyclohexa-
dienones 4, benzoquinone 5 or 6 or quinone methide 7. 

(1)

The necessary condition of the UVAbs performance—the presence of IMHB—is thus
broken. This depleting free-radical assisted and phototriggered process is more pro-
nounced at higher photooxidation temperatures, in oxidation sensitive matrices easily
producing POO. radicals29 and is affected by the structure of the UVAbs. Non-hindered
phenolic HO groups in benzophenone-type UVAbs are more prone to oxidative depletion
than in benzotriazole- or triazine-based UVAbs. Consequently, the weak “photoantioxi-
dant” effect of phenolic UVAbs mentioned sometimes in the literature30 means in reality
an undesirable loss of the light stabilizing potential by decreasing the level of the IMHB-
containing UVAbs species in
the matrix, and, consequently,
a lower screening effect
according to Lambert-Beer
law.

The free-radical assisted
depleting process is more pro-
nounced in easily oxidizing
substrates. A time-dependent
loss of 2-[2-hydroxy-3,5-bis
(dimethylbenzyl) phenyl] ben-
zotriazole at UVA-340 expo-
sure in matrices differing in
oxidative sensitivity29 is an
example (Figure 6).

A direct photolysis of the
phenolic HO group31 assists or
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Figure 6—Effect of the sensitivity of binder films (~ 30 μm) to
photooxidation (exposure with UVA-340 lamp at 40°C, dry con-
ditions) on photo-triggered free radical assisted loss of UVAbs
Tinuvin 234. Failure criterion: 50% loss of the UVAbs.29



enhances the UVAbs depletion. An exam-
ple of the radiation-increased phototrig-
gered loss of the benzotriazole-based
effective UVAbs in polyurethane (PUR)
films irradiated either by UVB-313 or
UVA-340 lamps at 40°C indicates sub-
stantially faster UVAbs consumption at
harsher irradiation conditions (Figure
7).29 Application of the 313 nm source
was depleting also for the UVAbs used
in combination with HAS during pho-
tooxidation of PUR-acrylate coating.

A deeper photolytic destruction of the
benzotriazole-based UVAbs accounting
for fragmentation of the molecule has
been described.32 This process releases a
phenolic fragment that can be easily oxi-
dized into discoloring coupling products.

Another process affecting performance
of UVAbs accounts for conversion of the intramolecular H-tunneling into an intermol-
ecular one by interaction of the phenolic hydrogen with polymer-borne or a non-poly-
meric H-acceptor (A) present in the matrix. This includes interaction with polar con-
struction units of the polymer or carbonyl moieties arising during polymer oxidation.
The phenomenon was observed very early33 and results in a gradual “consumption” of
the intramolecular H-tunneling. This kind of interruption of IMHB and ESIPT mecha-
nism in phenolic UVAbs has been explained34 as the transformation of the efficient pla-
nar and non-luminescent photostable “closed” form with IMHB into a planar but open
intermolecular H-tunnel with an acceptor molecule A, and finally into a non-planar
luminescent photodegradable and even photosensitizing intermolecularly tunneled
couple (Scheme 2).

The resistance against loss of the IMHB increases in the structural series of UVAbs
benzophenone < benzotriazole < triazine and can be improved by a proper substitution of
the phenolic moiety.7

The phenomenon of the IMHB conversion into the intermolecular form by tunneling
to a “foreign” acceptor accounts for differences in performance and longevity of pheno-

Scheme 2—Examples of intramolecular and intermolecular H-tunnels in ben-
zotriazole-based UVAbs.
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Figure 7—Photo-triggered loss of the efficiency of
UVAbs Tinuvin 384 in 35 μm thick polyurethane
films irradiated at 40°C with fluorescent lamps
UVB-313 and UVA-340. Stabilization: a—1.5%
UVAbs; b—1.5% UVAbs + 1.5% HAS Tinuvin 765.
Failure criterion: 50% loss of gloss.29
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lic UVAbs in non-polar and polar polymers as well as for observed lower efficiency in
recycled deeply oxidized PO containing carbonyl species in comparison with the virgin
material in upgrading of recyclates.

Negative interferences between UVAbs with photoinitiators (PI) in photocuring of
coatings or printing inks were discussed recently.7 The problem can be solved by opti-
mized selection of PI exploiting spctroscopically determined “curing windows” in spec-
tral superposition of UVAbs and PI.35 This problem affecting efficiency of UVAbs is not
treated in this chapter.

Outdoor processes in stabilized polymers are controlled by the both radiation and tem-
perature. Superposition of radiation and temperature effects in the assessment of stabi-
lized polymers includes different aspects. Radiation is generally considered to have a
major effect in the light period of the exposure temperature, certainly in dark periods.
Thermooxidation may be a decisive factor not only in dark cycles, but also in irradiation
of thick-walled samples accounting for oxidation effects on the non-irradiated surface
where the thermal oxidation exploiting a sufficient near-surface availability of oxygen
starts to be a decisive factor competing with photooxidation due to restricted radiation
penetration to the non-irradiated side. Temperature during radiation exposure is an impor-
tant factor due to significant thermal acceleration of processes with higher activation ener-
gies. However, the relationships in radiation/temperature effects are not fully explained.
Because of the importance for service life prediction, the superposition attracts attention
for a deeper understanding of temperature effects and their changes in testing sites at com-
parable radiation intensity, effects of backing accumulating environmental temperature,
wet cycles reducing surface temperature, fixture type, or pigmentation.

Some interesting observations dealing with the phenomenon of thermal/radiation
superposition have been published. Chemical changes of HDPE exposed in Bandung
(Indonesia) and Tsukuda (Japan) clearly reflect the monthly changes of the environmen-
tal temperature36 in Tsukuda when compared with a rather constant thermal stress in the
Bandung exposure.

Differences between the measured environmental and polymer surface temperature
due to different fixture types (black box, insulated box, open back exposure) indicate
serious influences of the thermal stress at comparable irradiation.37 The function of the
spectral composition of the irradiation source on the surface temperature of differently
colored specimens indicates a rather comparable thermal response of a scale of colors
after the exposure with filtered Atlas xenon lamp and to outdoor Florida exposure (hav-
ing a temperature difference between white and black color ca 20 and 23°C respective-
ly) and a poor correlation with irradiation source UVA-340, due to lack of the contribu-
tion of the visible part of the light.38

Lifetimes of linear density polyethylene (LDPE) 200 μm films effectively stabilized
with a benzophenone-based UVAbs and their combination with HAS in Florida weather-
ing were lower if the samples were exposed on aluminum backing. The result reflects
both the accumulation of heat and a potential mirror effect of the metal backing.



EFFECT OF ATMOSPHERIC POLLUTANTS AND 
MICRO-ENVIRONMENTAL IMPURITIES

Trace atmospheric pollutants arising from natural sources or anthropogenic activities
attack together with common atmospheric components (oxygen, solar radiation, humidi-
ty) in phototriggered processes polymer matrices and change the environmental chem-
istry of stabilizers. The pollutants include oxidizing gases (ozone, nitrogen oxides), acid
gaseous pollutants (oxides of sulfur and nitrogen in humid environment, gaseous hydro-
gen chloride), or acid deposits (rain, dew) and sensitizing pollutants (polynuclear aromat-
ic hydrocarbons). The chemical and biological attack may be enhanced by abrasion of
polymer surfaces by particular impurities (sand, dust).

Tropospheric ozone is a product of atmospheric photochemistry7 and attacks prefer-
entially unsaturated elastomers in concerted oxidation/ozonation processes.39 The ozona-
tion process has exclusively a surface character. Aromatic 1,4-phenylenediamines acting
by an ozone scavenging mechanism are used to protect elastomers.5,6 The
antioxidant/antiozonant activity of diamines has a sacrificial character. The diamines are
transformed into various, mostly dark colored, products absorbing at 420–580 nm, a part
of them having structures of quinone imines 8 and 9, including condensation products,
e.g., 10 or 11. Too strong acceleration in testing of stabilized rubber in oxygen bombs or
ozone chambers results in too fast surface consumption of the diamines that cannot be
replenished by slow migration of fresh diamines from the material bulk. The over-accel-
erated data indicate consequently lower antiozonant efficiency.

The attack of ozone on PO was considered more seriously only recently.7,40 Results
indicate participation of ozone in the initiation phase of PO oxidation and interaction
with secondary and tertiary HAS and derived nitroxides after an electrophilic attack of
ozone on the nitrogen of the HAS species resulting in an intermediary adduct accounting
subsequently for (photo)ozonolysis of the HAS heterocycle and formation of acyclic
degradation products, such as 2,6-dimethyl-2-hydroxy-6-nitroheptane.40 This ozone
scavenging by HAS depletes its photoantioxidant longevity in the surface/near surface
layers of the HAS-stabilized material.

Atmospheric nitrogen oxides (NOx) participate in the initiation phase of PO photoox-
idation7 and are considered as responsible for gas fading (discoloration) of PO stabilized
with phenolic antioxidants. Discoloration is the physical effect of a chemical depletion of
the phenolic moiety, concerted with interruption of the CB activity. NOx, nitrogen diox-
ide NO2 in particular, transforms phenolic moieties in both antioxidants or UVAbs in
photoassisted processes into NO2-substituted cyclohexadienones 12-14, photolyzing into
substituted quinone methides (QM) e.g., stilbene qunone 15 or benzoquinones, such as 6,
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all of them discoloring PO.7 The actual CB efficiency of antioxidants or ESIPT mecha-
nism in UVAbs is thus reduced.

Atmospheric acid impurities7 are a very dangerous deteriogen, particularly for pig-
mented automotive coatings. We consider here the influence of the impurities on the fate
of stabilizers. It was evidenced in model experiments that a pretreatment of PP films sta-
bilized with secondary HAS Tinuvin 770 with gaseous acid impurities reduces photosta-
bility of the matrix in weatherometer exposure at 38°C (Figure 8)41 or after exposure in
Q-Sun tester at 20°C.42

The prolonged exposure to acids increases the depleting effect on HAS. Weak acids
like CO2/H2O or carboxylic acids do not deactivate HAS.

Atmospheric inorganic impurities are present in different amounts in various geo-
graphic sites and accordingly must be considered as a substantive factor responsible for
differences observed in the service life of HAS-containing polymers.40 The impurities
may be reflected in the development of changes in oxidation-borne products or mechan-
ical properties, different for unstabilized and HAS-containing materials exposed in dif-
ferent localities. For example, the course of photooxidation of unstabilized LDPE was
essentially comparable after exposure either in Bandol (south France) or in Miami
(Florida).43 Differences in photooxi-
dation were observed, however,
between HAS-stabilized LDPE
exposed in the two localities. The
result can be explained by the con-
tributions of “specific” environmen-
tal factors (atmospheric acid and
oxidizing impurities) in the degra-
dation of polymer and basic HAS
(Figure 9).

Experimental results from
Bandol field experiments using dif-
ferent model exposure modes of
samples (opened or closed quartz or
borosilicate glass vessels, direct
weathering) performed with unstabi-
lized LDPE, LDPE stabilized with a
combination of UVAbs and Q, or
LDPE containing oligomeric HAS
Chimassorb 944 reveal44 that proto-

Figure 8—Influence of the exposure of volatile acids on
photooxidation of processing stabilizer free PP 30 μm
thick films exposed at 30°C with Pyrex glass filtered
xenon weatherometer. Stabilization: 0.15% Tinuvin 770.
Films were exposed prior to irradiation at room temper-
ature for 18 h to acid gases or vapors of aqueous acids.

— No HAS or acid treatment. HAS stabilized PP: ■—
No inorganic acid or CO2/H2O, formic acid; ▲—
SO2/H2O; ●—HCl; —NO2/H2O; ❏—HBr.41



cols on conditions of outdoor
exposure and analyses of
obtained results require more
careful examination.

Efficiency and durability of
stabilizers are seriously affected
also by polymer-borne impuri-
ties, generated during thermal or
photochemical degradation.
Acids arising from thermolysis
of PVC, acid transformation
products of thiosynergists (“cat-
alytic antioxidants”), or sulfur-
containing PVC heat stabilizers,
acid products from thermo-pho-
tolysis of brominated flame
retardants (FR)6,7,42,45 play a spe-
cific role together with acid
fillers or pigments.

Activity of these compounds depletes basic stabilizers, HAS. Some experimental
results are mentioned. According to reference 42, aromatic FR decabromodiphenylether
used at concentration 4% initiated photooxidation of PP films in the Q-Sun tester (Figure
10). This effect cannot be eliminated by the addition of Chimassorb 944. The photolytic
instability of the aromatic additive is considered to be the principal problem. The FR pho-

tolyses42 under formation of
atomic bromine, that converts
the hydrocarbon substrate into
carbon-centered polymeric alkyl
radical P. (a photoinitiation
process) prone to photooxidize,
and hydrobromic acid, a strong
deteriogen of HAS and of the
related nitroxide. Aliphatic
brominated FR, such as tris(tri-
bromoneopentyl)phosphate is
less dangerous because of its
higher photostability and the
photoantioxidant effect of HAS
can be better exploited.42 The
negative effect of photolyzing
brominated FR can be reduced
by increased concentration of
HAS in the system.45 This indi-
cates participation of a stoichio-
metric reaction between HBr
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Figure 9—Effect of environmental parameters on degradation
of LDPE 150 μm thick films during outdoor exposure in
Bandol (south France, ❏, ) and in Miami (Florida, , ).
Unstabilized LDPE: ❏, . Stabilization with 0.15%
Chimassorb 944: , . Failure criterion: elongation at
break.43

.

.

Figure 10—Photooxidation of 0.5 mm PP sheets containing
decabromodiphenylether (I) or tris(tribromoneopemtyl)phos-
phate (II) as fire retardants. Exposure with Q-Sun xenon
device at 65°C. Base stabilization: 0.1% of 1:1 mixture of
Irganox 1010 with Irgafos 168. HAS: Chimassorb 944.  
neat PP, ●—4% I,■—4% I + 0.5 % HAS, —4% II, ❏—
4% II + 0.5% HAS.42

.



developed during photolysis of the
FR and HAS species. (Another
improvement in the interaction
between brominated FR and HAS
based on chemical modification of
HAS is mentioned later.)

The basicity of the secondary
and tertiary HAS is considered to be
the principal reason for their deacti-
vation by acid polymer compo-
nents. Values pKa of the two classes
of HAS are in the range 7.5 to 9.7.
The related nitroxides have also high
basicity.5,6 This explains the negative
effect of the environmental acidity
on weatherometer exposed PP films
stabilized with bis(2,2,6,6)tetram-
ethyl-4-piperidinyl-N-oxyl41 (Figure
11).

Formation of salts 16 (R=H,
alkyl, X=anion of an inorganic or
strong organic acid) from basic sec-
ondary or tertiary HAS hinders formation of nitroxides, the key intermediate in their sta-
bilization mechanism. Salts 17 formed from nitroxides hinder their participation in HAS
regenerative activity cycle.5,6,40

A part of the problem accounting for acid impurities was solved by development of
“non-reactive” or “acid resistant” HAS having structures of O-alkylhydroxylamines
(>NOR) and N-acylamines (>NCOCH3), respectively5-7 having lower pKa values
(4.2–4.4 and 2.0, respectively) and good applicability in plastics and coatings. A more
efficient photostabilization of PP films fire retarded with decabromodiphenylether using
the >NOR HAS Tinuvin 123 in comparison with tertiary HAS Tinuvin 765 is shown45 in
Figure 12. The problem of basicity of nitroxides derived from the both types of HAS
remains, however. 

ENVIRONMENTAL HYDROLYSIS OF 
STABILIZERS CONTAINING ESTER MOIETY

There is a potential danger of the effect of the environmental humidity or of a long-
term contact of stabilized polymers with water (as with hot water pipes) on transforma-
tion/loss of propionate-type phenolic antioxidants and organic phosphites. Model exper-
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Figure 11—Influence of the exposure of volatile acids on
photooxidation of processing stabilizer free PP 30 μm
thick films exposed at 30°C with Pyrex glass filtered xenon
weatherometer. Stabilization: 0.11% bis(2,2,6,6-tetram-
ethyl-4-piperidinyl-N-oxyl)dodecane dioate. Films were
exposed prior to irradiation at room temperature for 18 h
to acid gases or vapors of aqueous acids. —Nitroxide-
free PP, no acid treatment. Nitroxide stabilized PP: 
■—No inorganic acid or exposure to CO2/H2O, formic
acid; ▲—SO2/H2O;●—HCl; —NO2/H2O; ❏—HBr.41



iments indicate a possibility of hydrolysis of phenols.46 Free carboxylic acid 18 and alco-
hol C18H37OH are formed from Irganox 1076 together with QM 19 and lactone 20.
Hydrolysis of polynuclear phenols such as Irganox 1010 is a gradual process resulting in
18–20 and phenolic products 21 of a partial hydrolysis. Pentaerythritol 22 arises in the
ultimate step. Hydrolysis increases solubility of fragments in water. Losses by leaching
into the environment reduce the level of the long-term protection of the material.

Fortunately, the hydrolysis of phenols embedded in the non-polar PO matrix is a
restricted process. In spite of this, recent data47 indicate an almost 6% loss of the origi-
nally added Irganox 1010 from medium density polyethylene films after four years of
exposure to water. An increased (surface) hydrolysis can be expected in acid environment
(acid rain).

Besides the formation of inactive salts, strong acid environment can also contribute to
hydrolysis of ester-type HAS and formation of volatile fragments.40

Esters of trivalent phosphorus (phosphites and phosphonites), aliphatic and aryl-
aliphatic in particular, hydrolyze in the presence of humidity.6 Various acid intermediates
are formed, phosphorous acid in the terminal step, corrode metallic parts of the process-
ing equipment and deactivate HAS. The hydrolysis is catalyzed by acid environment.
Sterically hindered aryl esters, a common component of PO processing package, are
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Figure 12—Influence of N-substitution
(and related basicity) in the HAS molecule
on photooxidation of 60 μm thick PP films
fire retarded with 20% of decabro-
modiphenylether and 7% of Sb2O3. ■—
No HAS;●—1 % Tinuvin 765 + 5%
TiO2;▲—Tinuvin 123 + 5% TiO2.

45



hydrolysis resistant. The hydrolysis itself is not typically accompanied by a loss of
hydroperoxide decomposing antioxidant efficiency. However, volatile phenolic frag-
ments and alcohols are released and may affect the environment.

PHOTOOXYGENATION OF STABILIZERS 
VIA EXCITED PIGMENTS

Pigments influence the fate of stabilizers by surface adsorption lowering their mobil-
ity and increasing heterogeneity in distribution of stabilizers in the matrix, by catalytic
degradation of stabilizers, by increasing surface temperature of colored samples and
enhancing thermal superposition over radiation effects, by generation of singlet molec-
ular oxygen 1O2, or by a direct interaction of the excited pigment with the phenolic moi-
ety changing phototriggered and oxygen assisted processes in the integral stabilized sys-
tem.6,10,27 Formation of 1O2 and its effect on chemistry of stabilizers containing pheno-
lic moieties (antioxidants and UVAbs) was studied in detail.10 Colorants (pigments and
dyes) of the π,π*-type supply excited electrons from the π orbital. Excited S1 state of
the colorant generates after ISC longer-living triplet state T1 that participates in forma-
tion of  1O2.

Reactive quenching of 1O2 by phenolic moieties in antioxidants and UVAbs is postu-
lated to have some free radical or transanular peroxidic intermediates and accounts in for-
mation of a photooxygenation product having a general structure of hydroperoxycyclo-
hexadienone [equation (2)]. The phenolic moiety can be also transformed by H-abstrac-
tion from the phenolic HO group by excited pigment via a phenoxyl into a QM [equa-
tions (3)] and in a series of concerted processes of the sensitized pigment with the poly-
meric substrate (PH) in the presence of oxygen into polymeric alkylperoxyl [equation
(4)] and in alkylperoxycyclohexadienone in the final step [equation (5)]. General struc-
tures of the hydroperoxycyclohexadienone 23, QM 24, and alkylperoxycyclohexa-
dienone 25 are shown (“Subst” in 23–25 means a residual part of the original antioxidant
or UVAbs molecule). This indicates very complex involvement of colorants (and other
effective chromophores) in the fate of stabilizers.

(2)

(3)

(4)
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(5)

The principal structural types of transformation products 23–25 arising from sensi-
tized photooxygenation have a specific influence on photooxidation of the polymer
matrix as explained by model experiments. Thermolysis or photolysis of peroxidic cyclo-
hexadienones XOO-CHD (23 or 25, X=H, R) accounts for homolytical formation of rad-
ical species. They have properties of initiators of oxidation of hydrocarbon substrates.
Photolysis of 2,6-di-tert.butyl-4-tert.butylperoxy-2,5-cyclohexadiene was determined
under the exposure with 333 and 436 nm light.48 The homolysis of the peroxidic group
is sensitized by the unsaturated carbonyl group system in conjugated cyclohexadiene
molecule. Thermal and photochemical free radical homolysis of various XOO–CHD was
evidenced by electron spin resonance (ESR).

The homolysis of XOO–CHD has two consequences10: (1) Formation of photostable,
mostly low molecular weight compounds such as 15, 26–29 considered as impurities in
the matrix; (2) Strong photoinitiation effect on photooxidation of hydrocarbon substrates:
trimethylcyclohexane, squalane, atactic PP, or isotactic PP. In all experiments, alkylper-
oxycyclohexadienones of the general type 25 have a stronger photoinitiation effect at
comparable concentration level than the hydroperoxyderivatives 23.

.

A very specific effect accounts for formation of various QM, e.g., 15, general struc-
ture 24, or diphenoquinone 28 arising either by a direct transformation of phenolic
moieties by excited sensitizers or by photolysis of primary products of photooxygena-
tion of phenolics. Comparable structures of QM are formed as common products of
scavenging POO. radicals in the sacrificial CB antioxidant process.49 QM, particularly



those having high conjugated system of double bonds [e.g., stilbenequinone 15 or
dimeric QM 30 (R=C18H37) derived from Irganox 1076] strongly discolor PO.50 In any
case, photooxygenation due to excited colorants has a depleting effect on efficiency of
phenolic stabilizers.

HETEROGENEITY IN STABILIZER TRANSFORMATION/
CONSUMPTION

The heterogeneous character of processes proceeding in stabilized photooxidized/
weathered polymers has various causes: polymer morphology of semicrystalline  materi-
als and their geometry; spectral sensitivity of individual components of the material; local-
ization of chromophores; defect structures or photoinitiating species; spatial distribution
of oxidation-borne chemical polymer transformation products; physical concentration gra-
dients in the matrix (internal stress); depth and intensity of radiation penetration into the
material; distribution of stabilizers within the matrix or distribution of other additives
(e.g., fillers or pigments) and their light scattering effect. Another factor contributing to
heterogeneity of stabilization and degradation processes can be oxygen penetration into
the polymer (DLO accounting for heterogeneous distribution of oxygen in the matrix,
including oxygen deficiency localized in deeper layers of the matrix and influencing the
relative participation of individual reactions of the general oxidation mechanism autoreac-
tions of polymeric carbon centered free radicals in particular). 

The individual causes of the heterogeneity do not remain static during photodegra-
dation. Some develop with exposure time. For example, crystallinity in semicrystalline
PO increases (chemorecrystallization) in surface layers after UV irradiation.51 The
changes in crystallinity degree of PP are influenced by the stabilizer as found by analyz-
ing the differences between the effect of a hindered phenol Irganox 1010 and HAS
Chimassorb 944.20 Density of polyethylenes increases after exposure in weatherometer
Atlas Ci 65 or to fluorescent lamp UVB-313. The changes are evidently accelerated by
radiation intensity.52 Concentration gradients of changes in surface chain scission of PP,
crosslinking and related relation between chain scission/crosslinking,53 growth in oxida-
tion products,54 weight average molecular weight in PP or the effect of stabilization by
low-molecular weight and oligomeric HAS on the Mw dept profile in toughened grade
PP55 are examples.

Photochemical changes of the matrix affect spatial kinetics of oxidation as revealed in
recent analyses. For example, high surface crosslinking in unsaturated diene-based poly-
mer creates a barrier hindering oxygen permeation into deeper layers of the polymer dur-
ing aging. On the other hand, the efficient surface stabilization limiting near-surface pho-
todegradation by chemorecrystalization or crosslinking may allow more oxygen to pen-
etrate into deeper layers of the materials.56

The formation of concentration gradients of products in degrading polymers occurs in
concert with transformation/consumption of stabilizers. An extensive study was per-
formed with HAS in PP and polystyrene (PS) plaques.8,40 HAS have a characteristic but
complicated transformation chemistry in active polymer protection. HAS-related nitrox-
ides are formed in the primary activity step when deactivating polymeric hydroperoxides
POOH and/or peroxyradicals POO.. The next step contains scavenging of macroalkyls
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P.and cyclic regeneration of the nitroxide from O-alkylhydroxylamine >NOP by reaction
with alkylperoxyl POO. (Scheme 3).5,6,40

This mechanism is manifested in the stabilized matrix by an increase in nitroxide con-
centration as determined by ESR and a gradual formation of a nitroxide steady state con-
centration after reaching the maximum as found in HAS stabilized plastics and coat-
ings.8,12 The increased radiation harshness results in generation of higher concentration
of nitroxides as found in acrylate isocyanate two-pack PUR exposed to a QUV device
equipped with lamp UVB-313 or to a xenon Atlas Weather-Ometer29 (Figure 13). The
gradual decrease in nitroxide concentration was confirmed in epoxy-acid clearcoats,9

acrylate-melamine clearcoat57 or in experiments with photooxidized PP films doped with
2-hydroxy-2,2,6,6-tetramethylpiperidinyloxyl.58

Experiments with thick plaques of PP or PS stabilized with Tinuvin 770 or Tinuvin 123
irradiated in weatherometer Atlas Ci 3000+ clearly indicated formation of nitroxides on
irradiated and non-irradiated sides of the sample (the amount of nitroxides was calculated
for the normalized volume of the polymer sample cut from the exposed plaque and used for

ESRI measurement).8 Using the
ESRI technique, the spatial dis-
tribution of nitroxides having U-
shape profile with the highest
concentration in surface areas
was shown. The detailed analysis
of the data revealed differences
in the transformation fate of HAS
Tinuvin 770 in PP and PS
plaques exposed to weatherome-
ter at 30°C (Figure 14). The rea-
son is that the two polymers dif-
fer in morphology, with thermal
sensitivity accounting for differ-
ences in nitroxide formation on
irradiation and non-irradiation
sides of the plaques, radiation
transparency, and photosensitivi-
ty8 (Figure 14). Comparative
measurement with the same sys-
tems under thermal stress in an
oven at 60°C confirmed unequiv-

Scheme 3—Cyclic regenerative mechanism of HAS.

Figure 13—Development in nitroxide formation in LDPE
films stabilized with 1:1 combination of Chimassorb 944
with Tinuvin 622 exposed to natural weathering ( , ●) or
accelerated photooxidation in mercury lamp equipped device
SEPAP 12-24 (❏). Concentration of the combination of HAS:
0.2 (●), 0.6% ( , ❏).12

.



ocally by determination of nitroxides the heat stabilizing effect of HAS in polymer matrix
sensitive to thermal oxidation, i.e., PP in comparison with low sensitive PS.8

ESR measurements of nitroxide formation detect only one part of the stabilization
cycle of HAS, including spatial distribution of nitroxides in the materials. The method
indicates the steady state concentration of nitroxides in long-term exposed samples. At
the same time, the method is able to detect if there is still some residual HAS-derived
active species present in the material
able to be converted into nitroxide.
This analytical approach was con-
firmed in acrylate/isocyanate two-pack
PUR clearcoat stabilized originally
with Tinuvin 765 in combination with
other stabilizers after five years’ expo-
sure in Florida.29 The data on the sta-
tionary concentration of nitroxides
itself do not provide information about
the residual amount of HAS in the sys-
tem. The important information can be
obtained by ESR determination of the
total amount of nitroxides converted
from all HAS-active deposit forms
present in the sample by p-nitroper-
benzoic acid oxidation (“total HAS-
based nittroxides”) (Figure 15).9,57

The ESR method also confirmed
the gradient in surface consumption of
Tinuvin 123 in various clearcoats ana-
lyzed in mechanically separated lay-
ers. The heterogeneous HAS con-
sumption indicates a more intensive
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Figure 14—Dependence of nitroxide concentration profile measured by ESRI in PP
(a) and PS (b) 6 mm thick plaques stabilized with 1% Tinuvin 770 as a sole addi-
tive on net exposure time with accelerated photooxidation with Atlas Weather-
Ometer Ci 3000+.

Figure 15—Steady state nitroxide concentration—▲
and “total HAS-based nitroxide concentration”—■
determined by ESR as a function of the depth of epoxy
acid clearcoat over white basecoat paint system (a) or
dark red paint system (b). Stabilization of the
clearcoat: 0.3% Tinuvin 123 with 2.7% Tinuvin 328
for system (a), and with additional 3.0 Tinuvin 328 in
the basecoat for system (b). Material analyzed after
four years of Florida exposure.9
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Figure 16—Concentration loss profile of UVAbs from acrylic/ melamine clearcoat stabilized with
1.9% of Tinuvin 234 over brown basecoat containing 1% of Tinuvin 328 determined by ultraviolet
micro-spectroscopy at 5 μm increments through the clearcoat.  (a) Unweathered sample; (b)
Sample after four years’ Florida exposure.59

Figure 18—Dependence of nitroxide concentration profiles determined by ESRI in PP
(a) and PS (b) 6 m plaques stabilized with 1% Tinuvin 770 and 0.5% Tinuvin 327 on
net exposure time to accelerated photooxidation in Atlas Weather-Ometer Ci 3000+.

Figure 17—Effect of a combination of UVAbs with 1% HAS
Tinuvin 765 on gloss retention of a HS two-pack polyure-
thane clearcoat over waterborne silver metallic basecoat
(cured for 30 min at 90°C) upon Florida exposure. UVAbs:
1—Tinuvin 384, 2—Tinuvin 400, 3—Sanduvor 3206.29



depletion of the HAS-active species in surface and near surface layers and reflects the
integral composition of the stabilizer package. Compounds like 31–335,6 are formed as
stabilization inactive transformation products of HAS in terminal phases of its lifetime
and accumulate in the polymer matrix.

Consumption gradients are characteristic also for UV absorbers used in organic sub-
strates. UV-microspectroscopic analysis of nm increments of stabilized acrylic-melamine
clearcoats exposed in Florida demonstrated the gradual loss of UVAbs (the data can
reflect a combination of chemical and physical losses) (Figure 16).59 Analogous UVAbs
loss-gradients were found in acrylic-melamine clearcoats stabilized with a combination
of phenolic benzotriazole-based UVAbs with Tinuvin 123.60

Generally, the changes indicating involvement of stabilizers in the photooxidized
matrix and the transformation/consumption of light stabilizers can be demonstrated by U-
shaped curves. Their shape and symmetry are influenced by sample thickness, sensitivi-
ty of the matrix to thermo-/photooxidation, effect of DLO, and radiation penetration.56

A combination of two stabilizers, UVAbs and HAS, is used commercially for a com-
plex effective stabilization and exploits the difference in the mechanism of the two stabi-
lizer classes.6,7 Moreover, UVAbs protect HAS and derived nitroxides from photolysis.
Conversely, the efficiency and longevity of UVAbs is increased by HAS by protecting the
ESIPT mechanism from interruption by phototriggered and free-radical assisted process-
es (Figure 17).29

The combination of HAS with UVAbs has a specific influence on the U-shaped spatial
distribution of nitroxides in PP and PS plaques exposed to Atlas Ci 3000+ Weather-
Ometer. The combination of Tinuvin 770 and Tinuvin 327 was used (Figure 18).8 The pro-
tection of the non-irradiated surface by the presence of UVAbs limiting light penetration
through the sample is explicitly indicated, together with efficient integral stabilization. 

CONCLUSIONS

• Chemical processes at molecular level are the principal factors responsible for the
development of physical/mechanical changes and the durability of the stabilized
polymer system.

• The rate and extent of the processes are affected by the environmental stress of
common deteriogens, by rather unpredictable influences of casual pollutants/impu-
rities and different polymer-borne impurities and photoactive components (addi-
tives) in the system.
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• Stabilizers are the minority but the most reactive species in the polymer matrix.
Consequently, their longevity and performance are more seriously affected by the
harshness and complexity of the environmental stress than the matrix itself.

• Degradation/weathering of polymers and related consumption of stabilizers are not
a static or homogeneous process. Heterogeneity of the matrix itself, heterogeneity
due to diffusion limited oxidation, radiation penetration or temperature superposi-
tion affect material properties are sources of problems in simulation of aging of
stabilized systems.
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(27) Pospíšil, J., Pilar, J., Marek, A., Nešpurek, S., and Horák, Z., “Weathering of Polymers: Problems

Encountering Weathering Assessment as a Tool for Lifetime Prediction,” In: Natural and Artificial
Ageing of Polymers, Reichert, T. (Ed.), Gesellschaft für Umweltsimulation Pfinztal, pp. 209-216,
2005.
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APPENDIX

Formulae of commercial stabilizers reported in the text:



Wrap-Up: Implementation
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SUMMARY OF 2006 CONFERENCE

Attendees

The 81 attendees at this conference came from the USA, Canada, Sweden, Germany,
France, UK, Australia, Japan, and the Czech Republic; and represented the following
companies or organizations:

• GOVERNMENT LABS AND AGENCIES: NIST, USDA Forest Products Laboratory,
Swedish National Testing & Research, Sandia National Labs, CISIRO Land & Water
(Australia), Federal Institute for Materials Research & Testing (Germany), Fraunhofer
Society (Germany), SP (Sweden)

• ACADEMIA: North Dakota State University, Drexel University, Iowa State
University, Waseda University (Japan), Institute of Macromolecular Chemistry of
Academy of Sciences (Prague, Czech Republic), Yale University, Laboratory de
Photochimie (France), University of Newcastle Upon Tyne (UK)

• ASSOCIATION LAB: Paint Research Associates (UK) 

• COATINGS MANUFACTURERS: Nippon Paint, Valspar, Sherwin-Williams, Carboline,
DuPont, Rohm and Haas

• SUPPLIERS TO COATINGS MANUFACTURERS: BASF, Chevron-Phillips Chemical Co.,
DuPont, Cytec Surface Specialties, GE Silicones, Bayer MaterialScience, Sun Chemical,
Noveon, Exatec LLC (Canada), Lyondell, Dow Chemical, Carisle SynTec, 3M, Arkema,
Atlas Materials Testing Technology LLC, Q-Lab Corp

Chapter 33

Implementing What We Have Learned
F. Louis Floyd

FLF Consulting, P.O. Box 31208, Independence, OH 44131

The 2006 Service Life Prediction (SLP) conference in Key Largo, FL, was the
fourth in a series of international conferences addressing issues related to
predicting the service life of polymeric materials. As has been our tradition,
the Friday morning session was devoted to a review of the week’s activities
plus a look forward to consider how we might collectively start implementing
what we have learned from these conferences. This chapter attempts to cap-
ture the essence of that session, and therefore departs from the strict scientific
format of other papers in this book.



• END-USERS OF COATINGS: Philip Morris USA, Jeld-Wen Inc., BlueScope Steel
(Australia), Ford Motor Co. 

• OTHERS: Consultants, retirees, Journal of Coatings Technology and Research, JCT
CoatingsTech (FSCT)

Sense of Community

As mentioned in the last Service Life Prediction book, the people attending these con-
ferences have developed a strong sense of community, are collaborating with each other
on larger projects, and are becoming more assertive regarding the implementation of
what the community has learned. Several first-time attendees commented on the abun-
dance of learning that had obviously already occurred. 

This community recognizes that it is very unlikely that we will accomplish a single
test for service life prediction. All our past progress has been a series of single steps for-
ward, and there is no reason to expect this to be any different. As a result, this communi-
ty sees considerable merit in moving forward now with whatever pieces of the puzzle they
can. A clear recognition of opportunity seems to be driving this attitude.

Examples: at this conference it was reported that we finally seem to have gotten the
light right—the community is eager to get this commercialized promptly. Meanwhile,
it was suggested that we do not yet have the water right (see below). The community
wants to learn what else we need to get exactly right before we can move ahead in other
areas.

What Attendees Learned

As we have done at each of the earlier symposia, we opened our Friday morning dis-
cussion session with this question to individual attendees: what have you personally
learned from attending this conference? It does not have to be new to others, just to you.
What are you taking back home from this conference? 

The responses were as follows:

✦✦ SERVICE LIFE CONCEPTS

• More to “service life” than weathering: hydrolysis, thermal stability, cyclic
fatigue, corrosion, environmental fouling (“dirt”), acid rain, bio-fouling
(“mildew”), substrate deterioration. 

• Corollary: “weathering” is far more than UV/water/temp resistance.

✦✦ WEATHERING IS A SYSTEM PROPERTY, NOT A MATERIAL PROPERTY

• This means that all ingredients, processing variables, substrate issues, and envi-
ronmental variables must be considered if one is to arrive at true predictions of
the natural result. 

• Additives can play a significant role in weathering. Consequences: (a) we need
standard reference materials that can be employed in future testing; (b) we need
to move on to the contribution that individual and combinations of ingredients
have on the service life of a polymeric material in future conferences.

• “System”: there is a need to elaborate on the effect of the distribution of physi-
cal and chemical properties within the material, particularly as a function of dis-
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tance from top surface and bottom interface. Most research treats only an aver-
age concentration effect, without regard to distribution within a film.

✦✦ GETTING IT RIGHT

• We do seem to be finally getting the light right, and it clearly is mattering.
• Thickness of degraded surface may be much thinner than previously thought,

perhaps on the order of ~1 µ at most. So, the penetration depth needed for radia-
tion is not all that great. This magnifies the importance of UV absorbers and sta-
bilizers. 

• Role of temperature in weathering is important! There are clear Arrhenius effects
separate from irradiation effects.

• We may not be getting the water right—actual water inside the film may not be
accurately predicted from various models and surrogates (like RH of atmos-
phere). [Surrogate: representative property used to estimate another property—
e.g., estimating water content of a film from measurement of surrounding water
concentration such as relative humidity. Surrogates are frequently used because
they are considerably easier to measure. Unfortunately, proper proofs that surro-
gates adequately predict desired property can be inadequate.]

• We need to test/revise/improve existing models until we get each component
right. 

✦✦ LIMITS TO ACCELERATION AND ADDITIVITY

• There may be some real limits to our ability to accelerate the effects of weather-
ing, and to detect consequences early on during the process. Some examples
cited: a change in mechanism at higher temperature; diffusion-limited oxidation;
numerous early “transient” events.

• Additivity—is our current spectral subset adequate? 
• Is rate of dose important? (Reciprocity—do all properties obey similarly?)
• Confounding and interactions versus reciprocity. 

✦✦ HYDROLYSIS

• The controlling factor for hydrolysis in films is the actual water content inside the
film during weathering. 

• The quantity of water in films is not adequately predicted from such surrogates as
relative humidity of the surrounding environment. Separate experiments have
shown that “hot” specimens are not in fact “wet” inside the film. Correspondingly,
“wet” specimens are not necessarily “hot” as described by such things as black
panel measurements. Therefore, better measures of actual moisture content (and
temperature) inside films during weathering attempts are needed. 

✦✦ ACID ETCH

• How difficult acid etch test is. Even in natural conditions, acid etching for a given
year actually occurs on a relatively few days during the summer. 

• Given the small window for acid etch, are there similar windows for other prop-
erties?
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✦✦ HYDROPHILIC VERSUS HYDROPHOBIC

• In the debate over which is the best surface (hydrophilic or hydrophobic),
hydrophilic is winning out because of water sheeting off the surface instead of
beading. This sharply reduces deposition of fouling materials, and reduces chem-
istry driven by concentration during drying of beaded drops. Note that this is at
odds with most previous thinking, particularly for tropical climates.

✦✦ CYCLIC PROCESSES AND ANNEALING

• Polypropylene does exhibit some annealing behavior (“recovery”).
• Cycles: daily, seasonal, annual. Problem: readings typically ignore one or more

of these cycles. This means that the effective dose versus time for natural expo-
sure can be quite different, depending on the observation interval and time of ini-
tial exposure. This may in turn limit attempts to predict service life performance
based on lab tests. The solution may be continuous monitoring in both lab and
field. (See the following section).

✦✦ DATA COLLECTION AND SCALE OF READINGS

• Readings: six months; while weather is minute-by-minute.
• Event-driven versus continuous degradation.
• Transport: oxygen, water, and reaction products all occur on a microscopic scale,

not on a macro scale. The nanoscale is probably where we should focus for the
future, both from observation and action viewpoints.

• Equilibrium stirred kinetics versus solid state behavior: Most of our chemistry
training has been based on equilibrium behavior of stirred systems, while the
items of interest for SLP are of the solid state, which is certainly not in equilibri-
um. More research is needed on this important difference, and its consequences
for attempts to predict service life.

• How sophisticated monitoring has become (short interval).
• Need detailed spectral UV and temperature readings as a description of “weath-

er.” [Attendee who submitted this appears unaware of numerous papers on both
issues presented at previous conferences, which are covered in proceedings vol-
umes referenced elsewhere.] 

• Chalking and gloss loss? 

✦✦ THE X-AXIS OF WEATHERING DEGRADATION PLOTS

• Have not finished learning about x-axis.
• There does not appear to be a single x-axis, which limits the universality of any

approach.
• Ultimately must translate x-axis back to time for commercial use. 
• Natural weathering varies in dose so perhaps dosage, not time, is the correct

metric.
• Y-axis may be more difficult than x-axis (but we do have the math).

✦✦ REMOTE PLASMA SHOWS PROMISE

• Earlier work had used direct plasma, which caused all sorts of artifacts. However,
remote source seems to be a marked improvement.
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✦✦ COMPUTER IMAGING AND DATABASES

• Computer rendering provides an excellent way to visualize complex issues and
communicate complex science. Vast databases used.

KEY SCIENTIFIC ISSUES THAT STILL NEED TO BE ADDRESSED

The attendees were asked to step back, reflect on both the proceedings and their own
personal knowledge of service life prediction, and then list what they considered to be
the key scientific issues that still need to be addressed. This is in no way intended to
detract from the considerable excellent research that has been conducted to date.

✦✦ The next steps need to be:
• Testing for component (coating ingredient) contributions. 
• Expanding polymer classes beyond acrylic-melamine and epoxies to acrylic latex

and aliphatic urethanes. 

✦✦ SERVICE LIFE IS MORE THAN JUST WEATHERING

The effects of temperature, moisture, and UV irradiation are important, but only a
start. The rest of the story needs to be included to achieve anything close to service
life prediction. There are fouling effects, cyclic stress effects, annealing processes, etc.
In addition, in some cases, we are not allowing enough time during cycles for diffu-
sion-controlled processes to approach equilibrium. 

✦✦ How to assess real service conditions (presumably a form of continuous monitoring
for multiple factors)? 

✦✦ ROLE OF INFANT MORTALITY (EARLY) FAILURE ON SERVICE LIFE PREDICTION

(quality problem): substrate preparation, “robustness,” early “transient” events. We
have not really addressed the infant mortality effect on service life. All our efforts to
date relate to the wearing-out process, and carefully screen out early failures as
unrepresentative. (See attached tutorial on Miner’s Plot). 
• Weathering actually produces heterogeneous effects on films, yet “average”

assessments are made in an attempt to quantify the results. This may be inappro-
priate, analogous to infant mortality effects versus wearing out effects.

• Tend to choose known robust test systems. This causes us to filter out robustness
deficiencies by the way that we design our experiments.

✦✦ All the science we have learned during our academic experiences has been either equi-
librium or steady-state in nature. The real world is distinctly non-equilibrium and non-
steady-state in nature. We need some help in dealing with this fact. 

• Non-equilibrium issues vs. equilibrium testing: 
• Instantaneous dose vs. cumulative dose
• Discrete vs. continuous events
• Fouling

✦✦ The boundary between short-term and long-term mechanisms is presently unclear, and
is potentially critical for understanding and achieving service life prediction. 
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✦✦ How to limit issues in testing versus service life environment. Some significant atten-
tion needs to be given to compiling data that can be used to create new useful metrics
(goal: simpler tests). 

✦✦ Use failure analysis techniques to differentiate between results of natural and artificial
weathering. Use that information to highlight the problem differences between the
two environments. 

✦✦ NIST should continue their work on origins of appearance. 

✦✦ Is it time to pause or pounce? 
• Definitely do not pause. We have made substantial progress, and do not want to

lose momentum. However, we may want to change direction a bit.
• We should pounce on what we have learned to date and implement that in

the form of improved (simplified) test protocols in the commercial arena. 
• We should measure other polymeric materials (e.g., urethanes, thermoplastic

acrylic latexes, vinyls) to determine their characteristic responses to the effects of
temperature, UV irradiation, and moisture. 

• Service life is more than just weathering. For future research, we need to change
direction by moving on to component (coatings ingredient) effects, fouling
effects, cyclic fatigue effects, and annealing effects. 

• Would like to see much more on prediction experiences from any field that
has had SLP successes.

• Need to see more of the elephant!

WHAT CAN WE DO TO FOSTER IMPLEMENTATION 
OF SERVICE LIFE PREDICTION STRATEGIES?

One issue that is usually not covered in scientific symposia is that of implementing
what has been learned. From the very beginning of the Service Life Prediction confer-
ences, the organizers have strived to keep the implementation issue squarely in front of
the community, in clear recognition that our ability to shorten R&D cycle times for coat-
ings depends on rapidly implementing what has been learned to date regarding service
life predictions. To this end, we asked the attendees to tell us what we can do to foster the
implementation of what we’ve learned as a community. 

✦✦ FOSTER: 
• What steps can we take as a community to foster implementation of what we

have learned to date? 
• What are the top few changes that would foster service life prediction the most? 
• What level in the food chain should handle each step?

✦✦ IMPLEMENT: 
• “Universal” approach: single holistic test protocol that works for all systems at

all times, and readily detects new modes of failure before they occur in the field.
• System-specific approach: set of singular tests designed to detect sensitivity of a

given system to given environmental conditions. Not capable of detecting new
modes of failure, but viewed as “good enough.” 
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• Realism would suggest substantial (but not exclusive) focus on system-specific
steps forward—would produce commercial value now, to support longer range
program. 

• Any successful implementation must include acceptable risk management. 

PERSPECTIVE OF THE ATTENDEES

✦✦ GET THE LIGHT, TEMPERATURE, AND MOISTURE CONTENT RIGHT IN CURRENT

PRACTICES

• Test equipment suppliers should immediately implement the “right light” in their
equipment, and develop retrofits for existing equipment. 

• NIST should tell us what is required to get the temperature and moisture content
right (actual moisture inside a film). 

• NIST should determine which issues are critical for other compositions—i.e.,
expand beyond melamine-acrylics and epoxies.

✦✦ THE COATINGS INDUSTRY AND THEIR END-USERS NEED TO DEFINE “FAILURE” FOR

EACH SYSTEM

• “Failure” is system-specific (also use-environment-specific). 
• For automotive coatings, scratch and mar resistance is currently more important

than “weathering.” 
• For exterior architectural coatings, biological fouling and cracking/peeling are

currently the most important modes of failure. 
• As one mode of failure is improved markedly, other modes of failure will

inevitably appear. 
• The definition process needs to be a continuously evolutionary one, driven by

manufacturers and end-users of coatings.

✦✦ WEATHERING FACILITIES SHOULD IMPROVE QUALITY OF DATA COLLECTED ON THE

EFFECTS OF NATURAL WEATHERING

• Six month readings tells us very little about effects that are driven by discrete
events (e.g., acid etch) or continuous weathering effects.

• A good example in the conference was the automation of reading shown by the
Rohm and Haas presenter (Schmitt, Chapter 26).

• This could be used for more frequent/appropriate readings.

✦✦ NIST SHOULD BRING THE BIOLOGICAL COMMUNITY INTO THE DISCUSSION to deal
with the bio-fouling issue. 

✦✦ NIST SHOULD COLLABORATE WITH INDUSTRY TO DEVELOP SIMPLIFIED INDIVIDUAL

TESTS TO REFLECT CURRENT KNOWLEDGE AS EACH STAGE PERMITS. This should be
the number one goal for all levels of the food chain for the near term.

✦✦ ALL PARTIES SHOULD PURSUE AUTOMATION and high throughput techniques to sub-
stantially improve the productivity of the whole service life prediction effort. 
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✦✦ COATINGS COMPANY R&D LABS MUST LEARN HOW TO REPRODUCIBLY PREPARE

PAINT SAMPLES IN THE LABORATORY. Presently, have few controls, and poor repro-
ducibility. Our plants produce products more reproducibly than our labs can (paint
and panel preps). This gap needs to be filled promptly. Researchers know that they
need to make single large batches of paints that they wish to test under different con-
ditions to eliminate the preparation error, which is large. There are also shelf life
effects, after a paint has been made. We have not talked about how to detect them, or
how to deal with them. (This is probably the number one need for coatings compa-
nies.)

✦✦ NIST NEEDS TO:
• Teach industry how to create and poll very large databases.
• Develop models to identify actual temperature, humidity, irradiance dose inside

a given film as a function of depth in the film. 
• Move to engineering, quality, test methods, automation. 
• Translate learning into correlations. Too many publications stop short of doing

this. 

APPENDIX — MINER’S PLOT

Bathtub-Shaped Curve of 
Hazard Rate vs. Total Lifetime of Population
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Region A: Early failures can be due to design deficiencies or manufacturing errors, but
are more frequently related to improper installation. This can also be seen in some cases
as a lack of robustness on the part of the product. Type A failures are commonly referred
to as infant mortality or burn-in (electronics) failures. Most coatings service life test pro-
tocols are designed to ignore these kinds of failures as being unrepresentative.

Region B: Failures are random, and caused by “freak” events such as storms or acci-
dents, which are unrelated to the normal survivability of the coating.

Region C: Failures represent the normal “wearing-out” process, and are indicative of
end-of-life. These typically are referred to as the capability of the product. Most coatings
service life test protocols are designed to detect only these kinds of failures.



Product service life and product liability are quite different issues. Most product failure
claims originate from deficiencies in installation or robustness (type A, aka “infant-mortal-
ity failures”), rather than from less-than-expected long-term lifetimes (type C, aka “capa-
bility”). Some wide-ranging examples of abnormal early failures include early infant deaths
(crib death, premature birth problems, immune deficiencies), burn-in failures of electronic
circuits, early failures in mechanical devices due to installation errors, deficient training or
capabilities of installers, and using product for inappropriate purposes. 

Early failures usually have different causes than normal lifetime failures,1 relating to
errors in installation of the product or to insufficient tolerance of the range of adverse
conditions that are routinely experienced during installation. An example of the latter
would be attempting to establish adhesion while the substrate was wet. Thus, early fail-
ures occur and are observed very early in the life of a product, but are not related to the
wear-out processes of longer lifetime failures. It is important for the reader to note that
early failures are not predictors of wearing-out processes; they are different in origin, and
therefore require different solutions than wear-out failures do.

A product is said to be robust if it has no early failures. In the case of coatings, both
installation deficiencies and lack of tolerance of field conditions by the coating play sig-
nificant roles in early failures. Unfortunately, coatings manufacturers rarely have control
over the installation process, particularly for field-applied coatings. 

Unfortunately, standard testing protocols tend to filter out these early failures as
being unrepresentative or irrelevant.2 It is common practice in the coatings industry to
design experiments to avoid variables of type A, since they are viewed as non-represen-
tative of the long-term capability of the coating product. Herein lies the problem.

Author’s comment: this plot and commentary were added to this chapter at the request
of attendees who had not previously seen them. This appendix should be considered in
the context of the chapter itself.
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