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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
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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,! Debbie Stanley,! Walter E. Byrd,! Brian Dickens,!
Iliana Vaca-Trigo,? William Q. Meeker,? Tinh Nguyen,! Joannie W.
Chin,! and Jonathan W. Martin'

I Materials and Construction Research Division, National Institute of Standards and
Technology, Gaithersburg, MD 20899.
2 Department of Statistics, lowa 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.!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.! 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.*’ 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.!* Deficiencies include aging
of the light source,®°
spectral emission distributions of the sun and laboratory light sources, and the inability

non-uniform spatial irradiance of the specimens,’ differences in the

to independently, temporally, and spatially monitor and control the temperature and
moisture content of the exposed specimens.®® 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.!%!! It was introduced in the field of poly-
meric materials by Martin et al.!"'>!3 To date, a number of successful studies in polymer
degradation have been published.!>!¢ Unlike the current descriptive methodology,!” 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



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 um thick used for FTIR and ultraviolet-visible
(UV-visible) spectroscopy measurements were obtained by spin casting the solution onto
calcium fluoride (CaF,) substrates at 209 rad/s for 30 s. All samples were cured at room
temperature for 24 h in a CO,-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

*Instruments and materials are identified in this chapter to describe the experiments. In no case does such identifi-
cation imply recommendation or endorsement by the National Institute of Standards and Technology (NIST).



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.'® 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.!®? 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-



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™ 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,'> defined as the radiation that is incident upon and absorbed by the
specimen, can be calculated via:

D)= [ | E, ()1~ §(2)d2 di

0 /’me

Where D, , (¢) is the total effective dosage at time #; A . and A are the minimum and
maximum photolytically effective wavelengths; E, (4, 1) is the spectral UV irradiance
of the light source at time ¢; 4 (4, ) is the spectral absorption of specimen at wavelength
and time ¢, and ¢(A) 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
CaF, 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/m?), the HP 8452a UV-visible spectrometer was cal-
ibrated in NIST’s Spectra Irradiance and Radiance Calibrations with Uniform Sources
Facility.



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
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Figure I—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.

species in the 1620 cm™! to
1800 cm! region as a result of
exposures. Two prominent
bands at 1658 cm™! and 1728
cm!, which could be attrib-



uted to C=0 stretching of amide 06
and ketone,?>?* respectively, are due 041
to formation of oxidation products.
However, the band near 1728 cm™! 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.?!">> The OH stretching bands

near 3400 cm™! also shift to lower - SPHERE Exposure Time (h)
frequency and new bands appear  Figure 2—FTIR intensity changes of the bands at 1658

around 3225 cm!. The above FTIR  cem ™, 1728 em™, 2916 cm™, 1250 cm™, and 1510 cm™!

results are in reement with %5 ¢ function of exposure time for amine-cured epoxy
esults are in good agreement with o C . er i RE with 353 nm BP and 100% ND fil-

the photooxidative mechanisms pro- ters at 35°C, 25% RH. Results from four replicates are
posed by Bellinger, et al.??? and  shown.

Rivaton, et al.?> 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!, 1728 cm™) 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™', 1250 cm™,
and 1510 cm™! 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- 06
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

0.2 1

0 42
-0.2
-0.4
-06

Changes in IR Absorbance

-0.81

0
5000 10000 15000 20000
' =¥,

Changes in IR Absorbance
S
n

degradation regardless of changes 04 %ﬁ#&};{?&%?k 2916
of light source or total radiation. o8 %\%\;:::M "
The similarity between the plots in e
Figure 2 and in Figure 3 indicates 08 1210
that the light intensity of the -1

SPHERE was mostly constant dur- Dose (KJ/m?)

ing the observed exposure period. Figure 3—FTIR intensity changes of the bands at 1658
em™, 1728 em™, 2916 c¢m™, 1250 em™, and 1510 cm™
ToTtAL EFFECTIVE DOSAGE:  as g function of dose for amine-cured epoxy exposed to
On]y the incidence absorbed ener-  SPHERE with 353 nm BP filters and 100% ND filters at

. o 0, 7
gy can cause a specimen to 35°C, 25% RH. Results from four replicates are shown.
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0.6 P degrade; thus, the total effective
[] - . .
4 nidne -
§ 0 P = = dos.age is probably the mo.st sci
8 02 - entifically accurate metric for
2 quantifying the severity of dam-
< 0%, 2000 4000 6000 8000 10000 12000 14400 ; abilitye
% 02 %%{ 9. . age in the rellabll‘lty based
c \‘%% ke 2916 methodology. As mentioned ear-
- e LD : 3
:,g,’ 0.4 e T lier, the dosage is calculated
g 0.6 e 1250 from the dose and the UV-visi-
< gy .
G -08 i ble spectra of the specimens
- [equation (1)]. By calculating
Total Dosage (KJ/m?) the total effective dosage (here-
Figure 4—FTIR intensity changes of the bands at 1658 after referred to as dosage) using

em™, 1728 em™, 2916 cm!, 1250 em™, and 1510 cm™! 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.

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.?®

® T g 0 t t
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Figure 5—FTIR intensity changes of the bands at 1658 cm™, 1728 cm™, 1250 cm™,
and 1510 cm™ 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.



EFfFectT 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

11

-t

0 . — —
301 4520m
'% §02
6 02 & g'“ as4m
o i E -0.4
s i 505 326 nm
,u_, -04 gro,s 306nm iy
(’;‘ = 0.0E+00 4.0E+08 8.0E+08 1.2E+04
g s Total Dosage (KJ/m’)
4 -06 T
8 e,
s 0.8 452 nm
3 -0.
o 326 nm
(7]
a A 354 nm
<
-1.2
S & & N & $

QS
%X Q/X Q/)( @X %X
A SR R R

Total Dosage (KJ/m?)

N S

X X X

&
% %

Figure 6—FTIR intensity changes of the bands at 1510
em™! 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 107 kJ/m?.
Results from four replicates are shown.

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.?’
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Figure 7—FTIR intensity changes of the bands at 1510 cm™ 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.



12

1510 cm™

1658 cm™

05

0.45
0.4
0.35

) g 03
] ©
£ - £ 0.25
o ©
a a 02
0.151 4
0.1/}
0.05
0
0 2000 4000 6000 8000 10000 12000 14000 16000 0 2000 4000 6000 8000 10000 12000 14000 16000
Total Dosage Total Dosage
-1 -1
08 1728 cm 0 1250 cm . .
07| =25 -0.1
0.6 = -0.2
o 05 o 0.3 k %
2 o A
€ 04 E -0.4 n
8 03 8 05

02{ i
0.1] .4

0: T T T T T T
0 2000 4000 6000 8000 10000 12000 14000 16000

Total Dosage

-0.6
-0.7
-0.8

0

2000 4000 6000 8000 10000 12000 14000 16000
Total Dosage

Figure 8—FTIR intensity changes of the bands at 1510 cm™, 1658 cm™, 1728 cm™, and
1250 cm™ 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.

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 10* kJ/m?) 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 9—FTIR intensity changes of the bands at 1510 cm™, 1658 cm™, 1728 cm™!, and
1250 cm™ 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.

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™', 1728 ¢cm™!, and 1250 ¢cm™, but only
slightly declines for 1658 cm™'. Additionally, the humidity effect seems to slow down
when the RH is higher than 25% RH. Among the four IR bands, the 1728 ¢cm™ 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™ has been attributed to the formation of ketone products by
Bellinger?"-? or to aldehyde formation by Patterson-Jones.?® 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™' band would be
retarded with respect to the same amount of dosage at dry exposure condition. However,
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Scheme 1. Formation of Ketone C=0 (Bellinger21.22)
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Figure 10—Proposed mechanisms for attribution of IR absorption band at 1728 cm™': formation of
ketone C=0 group (Scheme 1) and formation of aldehyde C=0 group (Scheme 2).
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it is uncertain why changes of other degradation modes, such as the loss of 1250 ¢cm™
band, which has been attributed to chain scission of C-O stretching of aryl ether, and the
loss of 1510 cm™!, 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™ 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.?® 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,
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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.
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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™' versus 1510 cm™, 1728 cm™! versus 1658 cm™, 1510 cm™! versus
1658 cm™!, and 1510 cm™' versus 1728 ¢cm™'. 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™! and 1728 ¢cm™) start to level off in their amounts due to secondary
chemical reactions and physical depletion. In those cases, the absorbance loss at 1510
cm™! continues to grow as degradation proceeds, but as the absorbance increase at 1658
cm™! or 1728 cm™! 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™! nor with 1728 cm™'. 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™! bands. As shown
in Figure 13, for both 1250 cm™ versus 1510 cm™ plot and 1510 cm™' versus 1658 cm™
plot, the curves obtained from specimens exposed to SPHERE under different humidities
superimpose, while for the 1728 cm™' versus 1658 cm™ plot and the 1510 cm™ versus
1728 cm™ 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™
is more sensitive to the humidity than any of the other three bands. These results suggest
that the relative humidity influences the 1728 cm™' 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 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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Figure 16—FTIR intensity changes of the bands at 1250 cm™, 1658 cm™, 1510 cm™,
and 1728 cm™ 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%.

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 17—FTIR intensity changes of the bands at 1250 cm™, 1658 cm™, 1510 cm™,
and 1728 cm™ 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 GY, 12/24/02 for G7, and 9/30/02 for G4. Results are averaged from four repli-
cates. The uncertainty is within 5%.

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™ 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™! 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
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Figure 18—FTIR intensity changes of the bands at 1250 cm™, 1658 cm™!, 1510 cm™, and 1728
cm™ 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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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 model°
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™' versus 1510 cm™, left; 1510
cm! versus 1658 cm™, 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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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 MODEL?’: The cumulative damage model can be expressed as

\ _dD[Taé(T)]z 1 _ exp(z) 1
g0t e PO] {(Hexp(z))z} @

where &) =Dy, (r).temp(r)RH(r).D () is the standardized level of damage at time 0,
B(w) is the long-term asymptote, and z is as defined in equation (2)

. log[d(t)]—/,t )

ez

Here d(?) is the effective total dosage, and , and o 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 ¢, based on the incremental values of dosage is

Dosage,,, (1) =D Ad(i)

i=0

Damage,,,, (t) = z AD (1)

i=0

where Ad(t)) = d(t)—d(t — 1) and AD(7) = g () * Ad(?).

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™, 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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Chapter 2

A Statistical Model for Linking Field and
Laboratory Exposure Results for a Model Coating

Iliana Vaca-Trigo and William Q. Meeker

Iowa State University, Dept. of Statistics, Ames, IA 50011-1210

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.

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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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.! and Martin? 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 Nelson® and in Chapters 18-21 of
Meeker and Escobar.?) 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,’ Joyce et al..® Starke et al.,” and the many examples cited in
Nelson.%) 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." and Wernstél and Carlsson.®) 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 7, denoted by D(t), 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

Table 1—Bandpass Filter Characteristics ) :
variables constant (although in other

Range Nominal Filter Midpoint  cxperiments such variables are pur-
303nm 309 nm 306 nm posely changed during an experiment,
320 nm 332 nm 326 nm as in step-stress accelerated tests).
334 nm 372 nm 353 nm :
375 nm 532 nm 452 nm Interest often centers, however, on life

in a variable environment.
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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/m?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.? and Chin et al.”).

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™'. One of the studied dam-
age numbers was the peak at 1510 cm™!, which corresponds to benzene ring mass
loss. Other peaks being used as potentially useful responses include 1250 cm™!
(aromatic C-0), 1658 cm™! (oxidation products), and 2925 cm™! (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%.

* DOSAGE,,, 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.

Table 2—Experimental Variables and Levels

Variable Units Levels
Damage number (DA) ................ cm™ 1250,1510, 1658, 2925
Bandpass filter (FI).......cccoveveneene nm 306, 326, 353, 452
Neutral density (DE)........cccccuee.e. % 10, 40, 60, 100

Temperature (temp) .... ..°C 25, 35, 45, 55
Humidity (RH)...coooeviiiniiienieee % 0, 25, 50, 75
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Table 3—Auvailable Data

RH
Temp 0% 25% 50% 75%
25°C X — — —
35°C X v v v
45°C X v v X
55°C X X X v

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

»  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 Kaetzel'?).

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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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™! increases until dosage
reaches approximately 4 x 10° KJ/m?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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0.4 1 NSS-0047-15 35
NSS-0047-16 35

0.3 NSS-0048-03 35
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021 NSS-0048-05 35
: NSS-0048-13 35

11 NSS-0049-06 35

0. NSS-0049-13 35
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0.0 1% NSS-0049-16 35

' y ' y ' \ NSS-0050-04 35
0 4000 8000 12000 |NSS-0050-04 35
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NSS-0017-10 55
NSS-0017-12 55
NSS-0017-15 55
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NSS-0018-13 55
NSS-0019-04 55
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0.0 135 . . . . . . NSS-0019-13 55
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Dosage NSS-0020-12 55

NSS-0020-15 55

Figure 1—Illustration of data cleaning for the FTIR peak at 1658 cm™ 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 P(t) has reached a failure state] we have found, empirically, that the simple
parsimonious functional form

B() = [D(9)-D(0)] L:ﬁl(f()z)} (M)
__log[d(n]-n @)

(o2

fits the data well for all FTIR peaks of interest and at a// combinations of the experimen-
tal factors for which we have received data. Here, d(?) is the effective total dosage. Also,
D(0) is the standardized level of damage at time 0 and P(e0) is the long-term asymptote;
while # and o are parameters that describe the location and steepness of the damage
curve, respectively. In the overall model, time-scaling factor exp(«) 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 D(e0) 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 o and a different value of 4 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

exp ()

AF (test,reference) =
exp (:umfcrcl\cc )

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.
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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., James'") and the effect that UV exposure has on caus-
ing skin cancer (e.g., Blum'?).

Model for Total Effective UV Dosage

As described in Martin et al.,' the appropriate time scale for photodegradation is D,
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 ¢ can be computed from

Dy, (1) = [ Dy (2)d7 (3)

where the instantaneous effective UV dosage D, _ is

Inst

D@ = [ Dy (e = [ B (5. ) f-exp[-A ()] Jp)d @

Here, E, is the spectral irradiance of the light source (both artificial and natural light
sources have mixtures of light at different wavelengths, denoted by A), [1 — exp(=A(N))]
is the spectral absorbance of the material being exposed (damage is caused only by pho-
tons that are absorbed into the material), and ¢(A) 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 (£, and 4) or estimated from exper-
imental data (¢(A)). 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., James'' and Blum'?). 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

(1) = CFx Dy (1) = CFx| [ f:ZDM(T, Ndrdr (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

d(t) = (CF)? x Daoy(f) = (CF)? x [ K I&DIN(T, Ndrdr ©)

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, 1977'!) suggests
that when there is reciprocity failure, the value of p does not depend on wavelength A .
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.'#), we will
assume a simple log-linear model for QQE. That is,

d(\) = exp(By + BiN).

Acceleration Factor
Relative to 452 nm
N
o

300 350 400 450 500 550
Wavelength in nm

o -g:? Tereeae
2 02 N e 306 nm *
c 0. s ¢ .
- 2 A, ¢ | 324nm.
€ -03 \ a
S 04 . N 353 nm &
(=] 0'5 ] A A, . 378 nm «
-0.6

0 20000 40000 60000 80000 100000 120000
Dosage

Figure 2—Quantum yield model check for the 1250 cm™ 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 &(A\) and Ei(A\.t) are importantly different from 0. Longer wavelengths (in the UV-A
band) are not terribly harmful so that ¢ (1)~0. Shorter wavelengths (in the UV-C band)
have more energy, but are absorbed by ozone in the atmosphere so that Za(\t) =~ 0.

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™! 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 Escobar* the Arrhenius equa-
tion for the reaction rate R can be written as

( -E, )
R (temp) =, exp LiR < temp KJ

where temp K is temperature Kelvin, R is the gas constant (R = 8.31447 J x K™! x mol™),
E is a quasi activation energy and ¥, 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™! FTIR peak,
306 nm nominal bandpass filter midpoint, 25% RH, and at three different temperatures.
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Figure 3—Arrhenius model check for the 1250 cm™ FTIR peak for speci-
mens exposed to 306 nm nominal bandpass filter midpoint and 25% RH.
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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 4—Indication of linear decreasing humidity effect for the 1250 cm™
FTIR peak for specimens at 45°C.
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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™ 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

n=p,+ kkxfm— B, x RH
we have
log (d(#),CF, p)=log [D, (1) ]+ p xlog(CF) (7
where
D, ()= > DOSAGE,,, x¢(1)

A in the range on the BP filter

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,
DOSAGE,, 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, 3, and f3,, for the QQY relationship, E, and f3,, 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™ 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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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 D(t)
as a function of a given environmental time series realization () . The main difference
in the predictive model is that the environmental variables can be allowed to vary with
time. For a given environmental profile &(t), the cumulative damage at time ¢ for a par-
ticular unit can be expressed as

D() ‘[ é(f)

where &)= [D,“s‘ (r).temp (r),RH (r)] )

®)

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(?) is

dD[r,g(r)] 1 exp(z)
v 4P[r.60] o] | PG
£0="00 " dnxeL PO l:(l+exp(z))2:|

©)

where z is as defined in equation (2) and d(?) 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 ¢, based on the incremental values of dosage, is:

Dosage,,,, (t) = 2 Ad (i)

i=0

Damage,,, (1) = z AD (i ]

i=0

(10)

where Ad(t)=d(t)-d(t-1) and AD(?) = g'(#)* Ad(?)

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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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

Outdoor data: DA = 1250 Outdoor data: DA = 1658
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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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Figure 8—Comparison of predictions for the outdoor specimens “GI1-10,” “G2-10,”
“G3-10,” and “G4-10" that started exposure at different times.

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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Chapter 3

Advances in Exploring Mechanistic Variations in
Thermal Aging of Polymers

M. Celina* and K.T. Gillen

*Sandia National Laboratories, P.O. Box 5800, MS 1411, Dept. 1821,
Albuquerque, NM 87185-1411

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.

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 y-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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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.!” 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.>* 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.>’7 Due to fast reactions and the lack of oxygen reaching equilibrium
conditions within materials, obtaining guidance from such experiments is of questionable
value.® 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.>!?

Edge effects at high T, Homogenous aging,
“Accelerated test” “Low stress field aging

”

Figure la—Limited oxidation in the center at elevated
temperatures.

Degradation under
o, UV, y-radiation, heat 0, o,

No DLO present DLO conditions

coating layers

primer substrate substrate substrate

Unaged coating or polymer Uniform oxidation Partial oxidation
throughout all layers within top layer
Ambient slow aging Accelerated aging test

Figure 1b—Preferential degradation of top layer of coating under highly accelerated
conditions.
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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.!! The material degradation as a function of temperature and
time was monitored via oxygen consumption,>%!12 antioxidant extraction and quantifi-
cation,'® and chemiluminescence as a condition monitoring tool.!*

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.>%!11215-17 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.!'':181° 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.? 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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Table 1—Two-Process Fitting Results for Some Elastomers

E,HT E, LT T Cross-over Regression
[kd/mol] [kJd/mol] [°C] (k,=k,) Coefficient
PU rubber, best fit? ......... 119 65 62 0.9993
PU forced fit? .............. 125 60 65 0.9984
PU forced fit? .............. 110 70 55 0.9980
EPDM black® .............. 127 78 123 0.9975
Butyl rubber® .............. 100 60 55 0.9976
PP literature data: . ...........
Richter (Figure 12°) ......... 107 41 83 0.9994
Gijsman (Figure 42"y ........ 156 36 85 0.9987
Gugumus (Figure 222) .. ..... 121 49 83 0.9997
Gugumus (Figure 9%2) ....... 146 41 82 0.9995

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

® PU binder exp. data
—— Two-process fit

119 kd/mol

64.8 kJ/mol

Oxidative Acceleration Factor
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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.z

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
E, values at the lowest possible temperature
instead of assuming straight-line extrapola-

tions will lead to more confident lifetime
estimates.
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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,?>*—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.!?

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
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Figure 3—Decrease in extractable AO concentration at various aging temperatures and a correlation of
these data with the decrease in tensile elongation.
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the AO depletion process results in an £ 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."3
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 AQO. 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

10000 T : : ) .
N A0 depletion the observed non-linear Arrhenius
& Oxidation rates behavior for mechanical degrada-
1000 + === N -\~ A Tensile elongation = . N .
- - Shified AO depletion tion and oxygen consumption is
= 120" kd/mol N . .
) : ‘ due to the drop in AO effectiveness
L (1 T e N T e STt
s at lower temperatures.
H o Importantly, these studies sug-
® : : gest that a condition-monitoring
(] . . .
] method using quantification of
] T NN i extractable AO levels in aged sam-
ples as an indicator of accumulated
U U Nl . . . .
01 < thermo-oxidative damage would in
AO depletion fess X . . .
important atlow T's -\, fact require a detailed correlation
0.01 ‘ ‘ ‘ — between mechanical and AO level
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changes at each temperature. At
higher aging temperatures, a fast
Figure 4—Arrhenius plot of shift factors. reduction in AO levels would sug-
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0.8

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 o 4
constant during the later stages of the 120 100 80 60 40 20
degradation process, measurements of Aging Temperature [°C]

AO levels would be of limited value for Figure 5—AQO concentration as a function of
lower aging temperatures—precisely the aging temperature for a decrease in mechanical
conditions of most interest. These trends, ~ P/oPerties to 75% or 50% of initial elongation,

. . . suggesting a remaining AO level close to the ini-
as shown in Figure 5, would predict tial concentration for aging and mechanical
mechanical failure at ambient conditions degradation at ambient temperatures.
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.
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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).!4?526 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 6—Examples of CL isothermal wear-out data of t,,, and I, at 130°C of samples previously aged
at 80°C.

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 changes?’), 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.'* Isothermal “wear-out” exper-
iments providing measurements of the initial CL rate (I, ;) 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 I, ; data from the 50
and 65°C series are somewhat lower than the data from the higher aging temperatures.
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Figure 7—lInitial CL intensity (I,,) 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.
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This is again consistent with a mechanistic variation as a function of temperature'"!* and
a variation in the aging process that becomes more important at lower temperatures.? 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 y-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, y-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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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).
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rate at the reference temperature T (i.e., a;, = 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 E, of 120 kJ/mol will equate to a; = 3.82, but a 10°C decrease equates to a; = 0.24
(i.e., 1/4.16); or, for an 80 kJ/mol process, a 20°C higher temperature equates to a; =5.67,
and a 20°C lower temperature to a, =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.

A, =7E 1 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.> 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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Chapter 4

Final Report on the Subject of Accelerated
Weathering: An ASTM D01.53 Ten-Year
Exposure Study

D.A. Cocuzzi! and G.R. Pilcher?

'Akzo Nobel Coatings Inc., P.O. Box 489, Columbus, OH 43216-0489
’The ChemQuest Group, 111 Hoff Rd., Westerville, OH 43082

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
DO01.53 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.

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.! 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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1 Intensity, arbitrary units radiation. Most modern accel-
e Extraterrastial erated weathering devices
0.8 [ T 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

H,0, CO, absorption

200 400 600 800 Jooo  lead to erroneous conclusions,
Wavelength, nm is the fact that duplication of

Figure 1—Solar power distribution of sunlight striking the the complex solar spectrum is
earths surface. 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
UVB Lamps to light which does not dupli-

12 cate the solar spectrum, espe-
i . cially in the short wavelength

£ 1.0 4 Sunlight .
£ i UV region of the spectrum
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= 0.2 - FS-40 by researchers at Ford Motor
- Company.>* The promise of
1 accelerated weathering, of

T T T T T T
270 290 310 330 350 370 390

course, is increased degrada-
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tion rates (some claim
Figure 2—Power distribution of UV-B lamp. between 2x and 35x times
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faster than real-time weather- UVA-30 Lamps

ing using UV condensation 12 ]

devices’) and, therefore, g 107

reduced time needed before £ Sunlight

making a “go” or “no go” £ 087

decision. This desire to know % 0.6 -

as early in the game as possi- §
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of “service life prediction.”
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Figure 3—Power distribution of UVA-340 lamp.

consequences of this failure?
Some researchers study the
chemistry of degradation and base their predictions on what is happening at the molecu-
lar level,® while others use a relatively new approach, based upon reliability theory,’ 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

. .. Xenon Arc with Daylight Filters vs Sunlight
rigor and statistical robust- Vi 9

ness. This was primarily > g_j;mx‘;gagjg'::"@'s

accomplished by discussing = 2° N I
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which represented 23 dif-
ferent paint systems (i.e. Figure 4—Power distribution of Xenon Arc lamp.
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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 720=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

Ten Years Data, Natural Log Best-Fit
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6.0 P /"Best fit" data, based upon 5 years of data
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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.
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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 (AE ver-
sus length of exposure time). Using a logarithmic “best fit,” this 10-year data has an R?
value of 0.92 and may be extrapolated to 20 years with some level of confidence. This
R? 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 AE 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,

Table 1—Samples Tested in This Study

Letter Code Chemistry Color

with A-340 and B-313

bulb, Xenon Arc and Cream

............................... Plastisol?

....Plastisol Green
Dew Cycle [carbon arc] . ....Plastisol Charcoal
weatherometers, and D Plastisol Charcoal
: s B Plastisol Brown
F.resne.:I weather.mg, with 0% PVDE® White
nighttime wetting), and e 70% PVDF Red
two outdoor test sites— = He Acrylic emulsion Low gloss brown
inland South Florida and =~ | -eeeeeemesseeess A(_:ryllc emulsion Brown
. . ...Silicone polyester Tan
Arizona, with a rack con- ...Silicone polyester Stone
figuration of 45° South, Lo, Polyester White
hack  exnocnre Mo Polyester White
open-back  exposure. 70% PVDF Bronze
(See Appendix 1 for . ...Silicone polyester Gray
device parameters for P 70% PVDF Green
each Weathel‘ing method' .............................. Terra cotta
K Brown
ology.) For the Florida Teal
and Arizona panels, and White
before  measurements U e _.._..Polyester _Whlte
. ...Silicone polyester Light gray
were taken, the right half — w ... 70% PVDF White

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

(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.
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Table 2—Ranking of Exposure Series at Five Years of Exposure

AE
Sample ID  (Real-Time Florida Weathering) Ranking

ww
©ONOUT G D=
[

[

(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.

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 fau), some
explanation is needed to describe the general process of calculating the value rko. Using
our five-year data as an example, the real-time Florida samples with their respective
unwashed AE values (for this example) are simply placed in order of their rank. The sam-
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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

AE
Sample ID (QuvV B-313) Ranking

[(e (o]

ple with the smallest AE is ranked #1, the sample with the second-smallest AE 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 AE,
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 AE 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 AE 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 4—Rank Comparison between Five-Year Florida
and 1,235 Light Hours B-313 Exposure

Ranking Ranking
Sample ID (Real-Time Florida) (QuUvV B-313)
3
5
9.5
4
6
8
13
9.5
11
7
14
12
2
16.5
1
20
15
16.5
21
23
18.5
18.5
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
3 -2 4
5 -3 9
9.5 -6 36
4 -0.5 0.25
6 -1 1
8 -2 4
13 -6 36
9.5 -1.5 2.25
11 -2 4
7 4.5 20.25
14 -2.5 6.25
12 -0.5 0.25
2 9.5 90.25
16.5 -2.5 6.25
1 14 196
20 -4 16
15 2 4
16.5 1.5 2.25
21 -2 4
23 -3 9
18.5 25 6.25
18.5 3.5 12.25
22 1 1
Sum of the squares 470.5




65

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 74o:

6e z (ranky,,.;, — rankQUV B )

rho=1- NV - )

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 7able 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 740 value of >0.9 is necessary before one can
declare an acceptable level of correlation between any two weathering techniques.® One
must, however, be cautious about assuming too much about 740 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 ko value for AE 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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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 — — — —

AE 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 —

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.
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APPENDIX |—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)
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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/m?

Lamp Wattage 12,000W

Relative Humidity=50%

Filters: CIRA inner/sodium lime outer

UV/CONDENSATION, WITH A-340 BuLBs: 0.77 W/m?; 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/m?; 4 h of UV light @ 60°C, follow-
ing by 4 h of condensation (dark cycle) @ 50°C

DEwW 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
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Chapter 5

An Analysis of the Effect of Irradiance on the
Weathering of Polymeric Materials

Kenneth M. White, Richard M. Fischer, and Warren D. Ketola

3M Company, Weathering Resource Center, 3M Center 235-BB-44
St Paul, MN 55144-1000

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.

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 intensity! 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 (/)
and the time of exposure () was constant.” 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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fact, been reported to deteriorate in

1 o accordance with the law of reciproci-

s o ’/ ty.> Nevertheless, numerous other

(@ 19x 1 =constant = // materials have exhibited degradation

CXE /_,-’ g behavioirs that deviate §igniﬁcant1y
E P - 7 k= constant from a linear rfssponse to intensity.*®

0.4+ g An alternative model that has been

/-’ - “ \ discussed in consideration of a nonlin-

021 Iy /// (b) 1 x 17 = constant ear response to light is that embodied

Iy in Schwarzschild’s law, which is

Y 02 04 06 08 1o  expressed as I ¢ ¢t 7 = constant.

Light Intensity Schwarzschild discovered this rela-

Figure 1—A comparison of models that have been tionship for his photographic emul-

used to describe rates of photoinduced changes in sions,7 for which the value of p was

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

observed to be 0.86. Subsequent stud-
ies confirmed, for the most part, that p

models have been normalized for purposes of com- was less than 1, although it has been
parison by setting the constant in each expression found to vary as a function of emul-
equal to 1.

sion type, wavelength, and intensity.®
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 relationship® [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 (¢) in Figure 1, which is based on the expression /%¢ ¢ = constant. Here, the expo-
nent ¢ 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 ¢ has been reported to be material dependent.*%1%!! 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.>!2 Such a theory accounts for g values that range from 1 down to 0.5. In the chem-
ical breakdown of organic material systems containing TiO,, an /% dependence has been
reported when the exciting ultraviolet (UV) radiation is above a certain threshold inten-
sity.!* 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.'*

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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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 filter'® 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/m?/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 N/C18H37
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 S
each time it was measured. Film speci-

mens that were kept in the dark at room Figure 2—Molecular structure of solvent yellow 98.
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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.'®!7 It has been
1124 suggested that this effect is reversible,!’
however, and no such occurrence was

1.144

1.10

8 observed in the specimens studied here.
E 1.08 A film specimen that remained at room
E 106 temperature in the dark for two months
2 after the weathering exposure retained
1.04 4 the same increase in peak absorbance
1024 that it had exhibited immediately after
the exposure had ended.
100~ pros 50 o 280 A more likely cause of the increase in

absorbance was traced to shrinkage of

Wavelength (nm) the films. To investigate this, three film

Figure 3—An exgmple of peak ab;orbance measured specimens that were approximately 68
from a film specimen prior to testing and after 48 h .
of weathering. This specimen was in a holder that mm X 50 mm X 0.010 in. were prepared.

blocked xenon arc radiation, so it only experienced For each specimen, the length and width
the effects of heat and moisture. The increase in were measured to the nearest 0.3 mm
absorbance is ascribed to film shrinkage. . .

fi g using a ruler, the thickness was meas-



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
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Wavelength (nm)
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/m?/nm (at
340 nm).

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 081

1.0 W/m2nm
0.75

0.5
0.3

<4400

radiation. The disappear- § 06

ance of the absorption band &

is attributed to photodegra- § 04 -

dation of the dye molecules <

into colorless products. 021
The rate of photodegra-

dation was found to be 00 0

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 " (%

50 100 150 200 250
Time (hr)

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

_DE _ ¢ n(z,t)D(z,1) M
dt

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

_ dD(z,t) _

i o*¢ I(z,t)D(z,t) 2

where 6* = o/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-

Radiation Radiation

bt
m

=
S

Light Intensity
o 2
W

0
100
150
Time 2" 25

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.

form solution to equa-
tion (2) was initially
employed.'® It yields a
time constant for the
decay of peak
absorbance that can be
expressed as B = ¢* 0 I,
where [, is the incident
intensity. Larger time



constants correspond to faster decay
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0.030 =
rates. The peak absorbance data for i /ﬁ/
each film specimen were fit using 20'025 g//’
this solutlpn. Examples are shown -50-020 A ///’ B=owl,
by the solid curves in Figure 5 that % o015 e
correspond to representative speci- 8 0010 ,//
mens at each of the four irradiance g ' e
levels. The quality of the fits pro- 7 %05| .~
vides evidence that the photodegra- 0.000 k£~
00 02 04 06 08 10 12

dation is indeed first-order in the dye
concentration, as indicated by the
model. The B values obtained from
the fits for all film specimens are
plotted in Figure 7. Although the lin-
ear dependence of 3 on light intensi-

Irradiance (W/m%¥nm @ 340 nm)

Figure 7—Time constant (B ) 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

ty in this model demands reciprocity, ~ highest irradiance tested.

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.?! 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 (k,, ) from the electronic ground state (S,) to the
first excited singlet state (S,) via absorption of light, the rate of relaxation from there
back to the ground state (k)
via both radiative and non-
radiative processes, the rate of
intersystem crossing (k) to
the lowest triplet state (7',), and
the rate of relaxation from the
triplet state to the ground state
(k;), 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 be???

S

abs

(=0%1)

~
~N
\
\
v
degradation
products

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 (T ).

So
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D _ kISCG*[
T 0¥ (ke + ) + ke kg + i)

D 3)

where D is the total dye concentration and k,, = o*/. The existence of / 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,?2?* 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.?>?® Thus, if depletion of the triplet state by
a chemical reaction that renders the dye colorless is slow compared to relaxation from
that state,?’ the overall rate of dye degradation can be expressed generally as

_dD(z,t) _ ac*I(z,1)

D(z,1) 4
dt bo*1(z,t)+c

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.?’ An analog to the time constant 5 can be defined as

aO'*IO (5)
e/f: *
bo*1,+c

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 keﬂ 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 B. The difference, however, is

that now we have an expression

0.025

_ that describes the dependence on
o] a irradiance. By fitting all of the
E results simultaneously, a single set
'g 0015 1 of parameters was obtained: a =
< 0.02,b = 0.44, and ¢ = 1.14. This
;‘:’ 00101 was used in equation (5) to calcu-
g 0005 4 late the solid curve in Figure 9,
a which shows how the photodegra-

0.000 ; ; ; ; ; dation rate varies with irradiance.

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Irradiance (W/m?nm @ 340 nm)
Figure 9—Pseudo-rate constants (k o ) 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.

Assessing the Model

In considering the utility of the
model that has been derived, it is

Uncertainty in the averages calculated for the k. 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.

important to examine its pre-
dictability, assess whether it is
realistic, and characterize its
attributes. The low irradiance



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/m?*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/m?/nm at the specimen
plane. The surface temperature
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Figure 10—Plot of pseudo-rate constants (ke/f) 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/m?/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.

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 keﬁ‘ 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 6*/, based on the absorption coefficient of the dye and the mono-
chromatic approximation used herein, yields a value on the order of 1 s7!. 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
o*[ and k. were comparable
and if kg was on the same order
of magnitude or less than k.
Although these rate data are
not available for SY98, those
published for other aromatic
hydrocarbons indicate that for
several molecules, k, can have
avalue around 1 s™' and that k;
and k- are often comparable
(~106 —108 s—l)'22,28

A significant aspect of the
model lies in the fact that it can

4
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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.
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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 B 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.*¢ 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.”’ A sim-
ilar observation in other dyes has been attributed to the breakdown of aggregated dye par-
ticles as photodegradation progresses.'® 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.’® 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

0.030 film between two PVC films

T o005 4 By that contained no dye and
fc’ L heating them to yield three
g 00207 A films, each with one-third the
S 0,015 - = original dye concentration.
5 The middle film was cut into
Dé 00101 P specimens and weathered at
é o0s | each of the four irradiance
- ¥ levels employed in the second
O'OOOO_O 02 04 06 08 1o 1o round of tests described here-
Irradiance (W/m?nm @ 340 nm) in. The decay in peak

absorbance for each specimen

Figure 12—Pseudo-rate constants (k o ) 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 C
1 (dashed line). The value of q for the latter fit was 0.61.

was fit as before, using equa-
tion (4). The resulting values
of k o Were found to be about
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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 /4. Fitting the pseudo-first-order rate constants from
this study by use of the latter model yielded a value for ¢ 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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Chapter 6

A New Approach to Characterizing Weathering
Reciprocity in Xenon Arc Weathering Devices

Kurt P. Scott and Henry K. Hardcastle I1I

Atlas Material Testing Technology LLC, 4114 Ravenswood Ave., Chicago, IL 60613

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.

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.!> 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.’ 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.* 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-
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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.” 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
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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-155!° and SAE J1885!!
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/(m?nm) at 340 nm) instead of the 0.55 W/(m?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 Ci5S000 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 (ZTable 1). However, con-
founding of temperature and irradiance variables is undesirable for reciprocity studies
involving irradiance, and represents an important experimental design consideration.

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/m? 340 nm Exposure (Hours)
1tand4........... 0.4 Every 37.6 26.1 522 783 1044 130.6 156.7 182.8

...0.8 Every 37.6 131 26.1 392 522 653 783 914
B 1.2 Every 37.6 87 174 26.1 348 435 522 60.9
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Modified SAE J1885 Using Polystyrene Chips (Lot 1)

9.0
8.0 || #Test1 @ 0.40 Wimz@340 nm _*
-8-Test 2 @ 0.80 W/m2@340 nm /
7.0 | = Test3 @ 1.20 Wm2@340 nm
—~+Test 4 @ 0.40 W/m?@340 nm /%.4°c @ 37.6 kJ/m]
6.0 14 -A-Test5 @ 0.80 W/m2@340 nm / 7a

4:0 / %4“0 @ 37.6 kl/m?
3.0 | 781°C @376k M

2.0 %

1.0
0.0

Delta b*

37.6 75.2 112.8 150.4 188 225.6 263.2
Radiant Exposure (kJ/m2@340 nm)

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

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).

Modified SAE J1885 Using Polycarbonate Materials

3.0
—4-Test 1 @ 0.40 W/m?@340 nm
2.5 ]| Test2 @ 0.80 Wim2@340 nm A

. -0-Test 3 @ 1.20 W/m?@340 nm /
—+Test 4 @ 0.40 W/m2@340 nm %
2.0 {{ A-Test 5 @ 0.80 W/m*@340 nm
76.1°C @ 37.6 kdlr%%
15

77.8°C @ 37.6 kJ/m?

Delta b*

77.1°C @ 37.6 kJ/m?

1.0

0.5

0.0

376 752 1128 1504 188 2256 263.2
Radiant Exposure (kJ/m2 @ 340 nm)

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 (Ab*=5)
Trial 340 nm Specimen for Observed From Observed Data
Designation W/(m2-nm) Temperature °C Degradation Data? Regressions
| 0.4 77 y=1.175x+0.011 111
77 y=0.793x+0.393 76
77 y=0.679x+0.701 55
77 y=1.144x-0.076 116
77 y=0.783x+0.415 76

(a) AllR2 > 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 S*T®® was used to verify that the temperatures

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 (Ab*=2)
Trial 340 nm Specimen for Observed From Observed Data
Designation W/(m?-nm) Temperature °C Degradation Data? Regressions

77 y=0.421x-0.243 139

77 y=0.410x-0.249 72

77 y=0.354x-0.280 56

77 y=0.369x-0.293 162

77 y=0.340-0.265 87

(a) AllR2 > 0.99
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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 Failure? Time of Failure?
1.2/0.4 3 165 111
1.2/0.8 15 83 76
1.211.2 1 55 55
1.2/0.4 3 165 116
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.

of the specimens of interest did not change appreciable at the different irradiance levels.
Specimen temperature data are shown in 7ables 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/(m?>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//(m?nm) = (W/m?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

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 Failure? Time of Failure?
1.2/0.4 3 168 139
1.2/0.8 15 84 72
1.21.2 1 56 56
1.2/0.4 3 168 162
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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Reciprocity Function of Polystyrene in Xenon Arc
(Failure Defined as Delta b* of 5)
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Figure 5—Expected and observed reciprocity for exposures of polystyrene.

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

Reciprocity Function of Polycarbonate in Xenon Arc
(Failure Defined as Delta b* of 2)

~ 180
5 160 5 Expected
g 140 Obse;rve:;g _090746\\ y=627.2x-1
= 120 YR AT
L; 100 R?=0.9607 NN
S 60 —
® 40
=]
a8 20

0

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Intensity (W/m2@340nm)

Figure 6—Expected and observed reciprocity for exposures of polycarbonate.
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Table 6—Reciprocity Functions Obtained from the
Exposure of Polystyrene and Polycarbonate

Reciprocity Function

Material Expected Observed
Polystyrene.................. y = 66.23x™" y = 64.22x7063
Polycarbonate............. y = 67.20x" y = 65.19x7091

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 7ables 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/(m?-nm) at 340 nm, to take (1.2/0.4 =) three times as long as an expo-
sure at 1.2 W/(m?>nm) at 340 nm. Conversely, it should take an exposure at 1.2
W/(m?nm) at 340 nm, (0.4/1.2 =) one-third the duration of an exposure at 0.4 W/(m?-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
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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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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.

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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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, conferences!™
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 al* 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.



Table 1—Service Life Prediction Methodologies
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Defining
Characteristics

Descriptive

Scientific
Measurement

Reliability-Based

Information
sources

Standard of
comparison

Mathematical and
scientific tools

Laboratory
methods

Field methods

Issues

Field and laboratory
exposures

Field exposure results
Standard products

Correlation Coefficients
Ranking

Time factors
Acceleration factors

Simulated weathering
Protocols, using devices
with lamps

Macroscopic

Physical effects

Exposure sites
Environmental records
Reference standards
Visual standards

Damage and dosage
metrics. Light sources
Poor correlations
Poor repeatability

Field and laboratory
exposures

Field exposure results
Chemical origins

Chemistry of degradation
Modeling

Correlations

Statistics

Analytical techniques
Simulation

Chemistry causes
Relatively few variables

Exposure sites
Environmental records
Reference standards
Instrumental standards

Correlations with field
exposure

Polymer specific protocols
Isolated failure modes

Field and laboratory
exposures

Laboratory
Field as laboratory

Reliability theory
Dosage and cumulative
Damage models
Statistics Prediction
Database analysis

Statistical design
around failure modes
Controlled quantified
dosage

Many variables

Quantified dosage
measurement and
damage
characterization

Reciprocity
Additivity

Solar source
Associates costs

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.* 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,’® and
published work continues to criticize correlation methods,®’ 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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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-
edge®), 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.? 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,'? dirt pick-up,!! and
mold growth.!? 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 17 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,”"? 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,'* 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,'*
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.'> 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,'* 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 specitfic 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.” recorded ~250 L water on a 24 cm? 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.'® 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.!’

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 Ketola'® 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. %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(-E,/R*T)

where k is the rate coefficient, A is a constant, E, 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 Ketola'® 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

: From Main
approach could be achieved /" Supply

by simultaneous exposures
for a given site at different Wasted <5
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.

Figure 1—Schematic diagram of prototype 1 (P1 = test panel
mounting 1).

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). Figure 2—Schematic of prototype 2.
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Figure 3—Schematic of prototype 3.

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-

Figure 4—Diagram of the spiral channel used.

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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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
DataHog?2 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.

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
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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 AE values, which were calculated from equation (1); the initial unexposed
values of Lab were used for each panel when calculating AE.

AE = AL? + Ad* + AD* (H

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
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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:

-B

rate= Ae” @

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/M? 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):

Gloss =AxD—-De T 3)

where: D = Accumulative total solar radiation dose
T = Temperature of the plate in °C
A=107.46 x D1.0129
B=221.88 x A0-0895

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 Perera?! 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 9—Trends in average
gloss for all systems with
accumulative solor radiation
dose.

Table 4—ANOVA Table for 60° Gloss Results

Average Gloss
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Accumulative Solar Radiation (MJ/M?)

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 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.
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Plot of Prediction at 25, 35, and 45°C

104

102
100

[=——25 — 35 —— 45

98

Gloss

96

94

92

0 500 1000

1500 2000 2500 3000

Accumulative Solar Radiation

Figure 10—Plot of predicted gloss using equation (3).

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 T, 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

Plate Temp; LS Means
Current Effect: F(2, 4263)=304.81, p=0.0000
Effective Hypothesis Decomposition
1.990 Vertical Bars Denote 0.95 Confidence Intervals
1.989
1.988
1.987
1.986
1.985
1.984
1.983

1.982

Log (Gloss)

25 35

Plate Temp

45

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

System*Plate Temp; LS Means
Current Effect: F(2, 4263)=382.37, p=0.0000
Effective Hypothesis Decomposition
Vertical Bars Denote 0.95 Confidence Intervals

1.992

1.990
1.988
1.986

1.984
== System T1
& System T2

1.982

Log(Gloss)

1.980
1.978

1.976

25 35

Plate Temp

45

Figure 12—Interaction plot of “plate temp” vs “resin
system.”
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System*Water; LS Means
Current Effect: F(1, 4263)=150.67, p=0.0000
Effective Hypothesis Decomposition

Vertical Bars Denote 0.95 Confidence Intervals

1.991

1.990

1.989 +
1.988
1.987

1.986
1.985
1.984
1.983 N
1.982 == Water Spray N I
1.981 & Water Spray Y
1.980

Log (Gloss)

T T2
System
Figure 13—Interaction plot of “resin system” vs
“water spray.”

Plate Temp*Water Spray; LS Means
Current Effect: F(2, 2618)=50.937, p=0.0000

Effective Hypothesis Decomposition
Vertical Bars Denote 0.95 Confidence Intervals

1.996
1.995 3
’3\ 1.994
T T
o 1
& 199
S
2 1902
-l
== Water Spray N
1.991 i = pray
- —%_ Water Spray Y
1.990 1
1.989
25 35 45

Plate Temp
Figure 14—Plate temp*Water spray interaction.

Plate Temp; LS Means
Current Effect: F(2, 478)=3540.8, p=0.0000
Effective Hypothesis Decomposition

01 Vertical Bars Denote 0.95 Confidence Intervals

0.0
0.1
0.2
0.3
0.4
0.5
0.6

Log (Delta E)

0.7
25 35 45

Plate Temp

Figure 15—Main factor “plate temperature.”

such an effect is detected. Several
authors have stressed the significance
of T_in durability studies and acceler-
ated weathering.?>2*

Figure 13 shows that T2, the lower
T_ 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 AE. 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 AE 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 AE

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 411728 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 1 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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Trends in Gloss
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Figure 16—Trends seen in gloss 60° change (average of all panels on each
plate) for third prototype.

Time/Days*Plate Temp; LS Means
Wilks Lambda=.08859, F(24, 4030)=396.23, p=0.0000
Effective Hypothesis Decomposition
Vertical Bars Denote 0.95 Confidence Intervals
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Figure 17—Main effects, plate temperature (third
prototype).
Resin System*Plate Temp; LS Means
Wilks Lambda=.74231, F(4, 4030)=161.87, p=0.0000
Effective Hypothesis Decomposition
Vertical Bars Denote 0.95 Confidence Intervals
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1.984
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Figure 18—Plate temperature* Resin type interaction.
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Stabilizer Present*Plate Temp; LS Means
Wilks Lambda=.85727, F(4, 4030)=80.643, p=0.0000
Effective Hypothesis Decomposition
Vertical Bars Denote 0.95 Confidence Intervals
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Figure 19—Plate temperature*Stabilizer interaction.

Time/Days*Plate Temp*Water Spray; LS Means
Wilks Lambda=.17815, F(24, 4030)=229.91, p=0.0000
Effective Hypothesis Decomposition

Vertical Bars Denote 0.95 Confidence Intervals

2.01
2.00

e
=

1,99 ety
<
1.98 %ﬁ/’ >
1.97 T AN

[}

[}

& 198 \:

o 195 .

g, 1.94
1.93

- 1.92 = Plate Temp 25 == Plate Temp 25
1.91 = Plate Temp 35 = Plate Temp 35
1.90 b
1.89 < Plate Temp 45 & Plate Temp 45

1.88
Time (Days): 42 126 189 Time (Days): 42 126 189
0 97 160 0

256 97 160 256
Water Spray: N Water Spray: Y

Figure 20—Plate temperature* Water-spray interaction.

Resin System*Plate Temp*Water Spray; LS Means
Wilks Lambda=.85769, F(4, 4030)=80.380, p=0.0000
Effective Hypothesis Decomposition
Vertical Bars Denote 0.95 Confidence Intervals
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Figure 21—Plate temperature* Water-spray*Resin type
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
AFM? 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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