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Automotive OEMs, coatings material suppliers, and weathering specialists banded together in a series 
of studies aimed at improving weathering test protocols. After a decade of research, the result is a 
newly published ASTM test standard, D7869, which has been shown to provide very good correlation 
to outdoor Florida test results for several failure mechanisms seen in a variety of automotive and aero-
space coatings technologies. This new method validates the idea that accelerated testing can  
accurately replicate the effects of outdoor weathering, but the long path to this result demonstrates 
that correlating to the natural environment is never a simple proposition.

The studies discussed in this paper focus on four areas:

1. Xenon arc methods in the automotive industry were written specifically to be run in two models 
from one manufacturer. Recognizing that this approach stifled innovation and that the discontinu-
ation of these models in the market raised questions about test reproducibility in newer models, 
Chrysler led efforts at the Society of Automotive Engineers (SAE) to implement performance-
based test standards which allow the use of any chamber design that meets the specified test 
conditions.

2. Ford examined the role of spectral mismatches between natural sunlight and commonly used xe-
non arc optical filters and their effect on accurately reproducing photo-oxidation in an accelerated 
weathering test. A new filter was implemented in the xenon arc chamber industry and is required 
by ASTM D7869. 

3. A coalition of automotive coatings material suppliers, BASF and Bayer, and Q-Lab looked at the 
importance of moisture in both the outdoor Florida environment and in xenon arc test chambers. It 
became clear that the existing standard did a poor job of simulating moisture absorption outdoors. 

4. Ford again stepped in to expand the work on moisture and create a new test cycle for xenon arc 
testers that accurately reproduced all of the degradation mechanisms caused by weathering, 
using the new optical filter developed earlier. The new cycle incorporates a novel combination of 
moisture exposure from common fluorescent UV standards and rapid cycling common in previous 
xenon arc standards.  

In reviewing this previous work, this paper will explore the state of weathering science at the turn of 
the 21st Century and the technical and organizational challenges overcome in the long path to the 
new breakthrough test method.

Introduction: The Early Days of Automotive Accelerated Weathering
In the 1970’s, most automotive coatings underwent laboratory weathering testing with carbon arc or 
fluorescent UVB lamp technology. Although these light sources do not provide an accurate match to 
the ultraviolet portion of sunlight, the tests provided good correlation to outdoor weathering for the 
coatings technologies dominant in the automotive industry at that time. However, changes to coatings 
technologies in the 1980s required a better spectral match to sunlight.

As a result, carbon arc tests were replaced by xenon arc tests, and the UVA-340 lamp was developed 
for fluorescent UV test chambers. In 1989, the Society of Automotive Engineers (SAE) published the 
first international standards for xenon arc weathering in the automotive industry, J1885 and J1960 for 
interior and exterior materials, respectively. These test standards were written for two specific water 
cooled xenon arc test chamber models designed with a vertical lamp and rotating specimen rack. 
While xenon test standards came to dominate automotive approval protocols, fluorescent UV testers 
proliferated in laboratories performing research and development or general quality control, where
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both UVA and the older UVB technologies were 
employed and still are to this day.

The early xenon arc tests, although a significant 
improvement over the older carbon arc tests, were 
of limited use in predicting long term durabil-
ity. Although test results using these early SAE 
standards generally correlated well with outdoor 
Florida results for color and gloss loss, they did 
not correlate well for many important degradation 
modes, such as the costly problem of delamina-
tion. Because of this, attempts to predict real world 
performance with these laboratory methods often 
failed.  Simply stated, results from these hardware-
based test standards did not correlate well with 
outdoor test results or the experiences of some 
unhappy customers. 

Breaking the Innovation Logjam: 
The Chrysler Studies 
Xenon arc weathering technology showed great 
promise because of its potential to reproduce sun-
light accurately, but one consequence of the first 
SAE standards was that technological innovation 
was stifled, making it very difficult to improve cor-
relation between laboratory and outdoor weather-
ing.  The hardware specific standards created a 
market barrier to improvements in technology. The 
lack of variety among test chamber designs meant 
that the status quo remained largely unchallenged. 
Poor correlation between outdoor and laboratory 
weathering tests thus became institutionalized by 
the standards. 

Recognizing that this approach stymied innova-
tion, a few OEMs and coatings suppliers, led by 
Chrysler, created a new “performance-based” 
approach that broke the innovation logjam with the 
publication of SAE standards J2412 and J25271. 
A performance-based standard is one that relies 
on a thorough technical description of the environ-
mental conditions of the test rather than specify-
ing a particular device and listing the required 
settings. Writing these technical descriptions of 
the environmental conditions, the backbone of any 
performance-based standard, is more difficult than 
the hardware-specific approach. 

The controversy over these SAE standards cen-
tered on the use of flat array, air cooled xenon arc 
test chambers. The old standards required the use 
of rotating rack chambers that feature water cool-
ing of the xenon lamp, and some in the industry 
expressed concern that the flat array chambers 
would produce different results than the rotating 
rack designs. Others in the industry wondered 
if newer design rotating rack testers delivered 
equivalent results compared to their predecessors. 

In order to provide an objective and scientifically 
valid method to establish that different models 
available in the market generated similar results 
with these specific standards, SAE standard J2413 
was developed. This standard required that test 
chambers must demonstrate compliance to the 
specified test conditions, repeatability, reproducibil-
ity, and degradation of standard reference materi-
als within a certain range and with an acceptable 
level of uniformity within the chamber. Repeat-
ability refers to achieving similar results in multiple 
tests within a single chamber, while reproduc-
ibility refers to achieving similar results in multiple 
chambers. 

To address questions about within-chamber unifor-
mity, Q-Lab enlisted the participation of ISO 17025 
accredited laboratories operated by BASF and 
ACT Laboratories to conduct the largest study ever 
published on the subject. The goal was to compare 
the uniformity of degradation of a wide variety of 
standard reference and other common automo-
tive materials. Three different rotating rack xenon 
arc models and one flat array model were part of 
the study. For illustrative purposes, schematics of 
the two configurations are reproduced from the 
original study in Figure 1. 

The main advantage of a rotating rack design is 
that specimens are automatically rotated around 
the light source, effectively eliminating variability of 
conditions from side to side. The design does not 
eliminate variability that could exist from top to bot-
tom, however. As discussed below, repositioning 
of specimens in the vertical direction of a rotating 
rack chamber is recommended by the latest xenon 
arc standard. In flat array testers, also known as 
static array testers, specimens should be manually 
repositioned to reduce the effects of non-uniformity 
across the exposure area. In the published study, 
tests in the flat array devices were performed with 
and without specimen repositioning. 

Black 
Panel
Thermometer

Solar Eye Sensor

Water Spray Nozzle

 Filter

Specimen

Xenon Lamp

Test

Q-Sun Xenon Test Chamber Xe-3 Cross-Section

Figure 1a - Flat array xenon arc chamber schematic.
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The results of the study, reproduced in Table 1, 
show that uniformity of the flat array and rotat-
ing rack testers was similar. As expected, manual 
repositioning of specimens in the flat array testers 
improved uniformity. Interestingly, even without 
repositioning, the flat array uniformity was better 
than rotating rack uniformity in some cases. The 
study notes that the results include variability of 
measurements and materials.

In anticipation of the publication of SAE J2412 
and J2527, Chrysler sought to use the J2413 
protocol to compare results of a flat array tester, 
the Q-SUN® Xe-3-HS from Q-Lab, and the Atlas 
Ci65A, one of the two rotating rack test chambers 
specified in the old SAE standards. It selected 37 
automotive exterior grade materials and reference 
materials for this study and chose BASF’s South-
field, Michigan laboratory to run the tests.  

The first round of testing found some differences 
in degradation between the flat array and rotat-
ing rack testers, particularly in some of the plastic 
specimens. An investigation into the causes 
revealed some subtle design differences not cap-
tured in the performance-based standards. First, 
the flat array tester utilized an anodized aluminum 
black panel thermometer, while the rotating rack 
tester had one made with painted stainless steel. 
Although ultimate temperature readings were 
very similar, there was a significant difference in 
response rates of each sensor. Plastic materials 
reached higher temperatures during transition 
periods of the test cycle when an aluminum black 
panel was used in comparison to a painted steel 
panel. In addition, placement of the chamber air 
temperature sensor relative to the air flow was 
not defined in the standards, but this proved to be 
a very important factor that affected specimen tem-
perature and degradation results. 

Figure 1b - Rotating rack xenon arc  
chamber schematic.

Material Test Method Rotating Rack
Flat Array with 
Repositioning

Flat Array without 
Repositioning  

(Not Recommended)

Blue Wool L2
(∆E*)

SAE J2412 ±9% Ci4000 ±5% Xe-3-HS ±8% Xe-3-HS

AATCC 16  ±3% Ci65A ±5% Xe-3-HS ±10% Xe-3-HS

Blue Wool L4
(∆E*)

SAE J2412
±13% Ci4000 
±7% Ci65A 
±4% Ci65A 

±5% Xe-3-HS  ±8% Xe-3-HS

AATCC 16 ±8% Ci65A
 ±8% Xe-3-HS 
 ±7% Xe-3-HS 

 ±11% Xe-3-HS

Polystyrene
(∆b*)

SAE J2412 ±4% Ci65A ±3% Xe-3-HS  ±10% Xe-3-HS

SAE J2527  ±3% Ci65A
 ±5% Xe-3-HS 
 ±8% Xe-3-HS 

±12% Xe-3-HS

Automotive Clear Coat
(Time to Crack)

SAE J2527 ±13% Ci5000 ±8% Xe-3-HS  ±13% Xe-3-HS

Table 1 - Comparison of uniformity between rotating rack and flat array xenon arc testers.
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Finally, the flat array tester delivered significantly 
more water than the rotating rack. This is because 
the rotating rack featured a single set of nozzles 
that spray specimens for a few seconds during 
each revolution of the rack. The flat array was 
programmed to spray 20 seconds of each minute, 
which resulted in much more water delivered to 
specimens. This fact proved critical in the research 
that created the most recent xenon arc weathering 
standard. 

After some design modifications to the flat array, 
including reducing the spray time to 5 seconds 
of each minute, a second round of tests was 
performed. Specimens were selected from the first 
round which included all of those that exhibited 
differences in the two testers, some specimens 
which had achieved very similar results in both 
testers, and new specimens that were known 
to be sensitive to heat or moisture. This round 
showed excellent correlation between the two 
testers. This proved that flat array testers could 
produce very similar results to rotating rack testers 
and that the implementation of performance-
based standards need not compromise reproduc-
ibility of test results. 

The Importance of Optical Filters:  
The Early Ford Studies 
These first performance-based automotive 
standards were firmly planted in both the old and 
new eras.  Test cycles remained unchanged, and 
results were expected to be similar to tests run 
under the old standards. The authors of the Chrysler 
paper noted that the goal of the project was to 
have the flat array tester achieve the same degra-
dation as a rotating rack tester, but not necessarily 
match outdoor weathering. This is a continuing 
legacy from the era of hardware-based standards.     

The importance of the new performance-based 
standards was that users of weathering chambers 
could freely choose the design that best suited 
their particular needs, and that the industry was 
open to new approaches. However, these stan-
dards did not address the challenge of correlation 
to outdoor weathering. Suppliers of xenon arc 
weathering chambers were forced to compromise 
their designs so that test results were comparable 
to the old methods. These compromises included 
using optical filters which did not produce the best 
possible match to the sunlight spectrum.  

Around the same time that Chrysler and other 
SAE participants were creating the new perfor-
mance-based standards, Ford was looking at im-
proving correlation between xenon arc weathering 

exposures and outdoor weathering. It conducted 
studies that examined the effect of the spectral 
cut-on wavelength of various xenon arc optical filter 
systems on photo-oxidation rates in comparison 
to south Florida exposures. The studies showed 
that even small spectral mismatches at the cut-on 
wavelength could produce significant discrepan-
cies in photo-oxidation, resulting in erroneous test 
results2. 

The researchers at Ford and other companies 
used a fingerprint technique that examined data 
from Photoacoustic Fourier Transform Infrared 
(PAS-FTIR) spectra. They began by identifying four 
peaks in the –OH and –NH region of the IR spec-
trum that shifted due to the effects of weathering.  
These peaks were called a, b, c, and d, respec-
tively. The ratio of the heights of peak a to peak 
b was calculated, as was the c to d ratio. These 
ratios were plotted against each other. The result 
is a line with a given slope that represented the 
balance of degradation reactions from weathering. 
A comparison can be made of the slope created 
by any given accelerated test to the slope from an 
outdoor exposure, and this slope can be called the 
exposure’s photo-oxidation fingerprint. The closer 
these two fingerprints are, the more accurate is the 
accelerated test in reproducing photo-oxidation. 

Commonly used xenon arc optical filter systems in 
the automotive industry are known by names such 
as Quartz/Boro, Extended UV - Q/B, Boro/Boro, 
or Daylight – B/B.  The first two allow significantly 
shorter wavelengths than natural sunlight. The 
latter two also transmit shorter wavelengths than 
natural sunlight, but the mismatch is less severe. 
Some of this early work by Ford demonstrated how 
the presence of short wavelength UV energy, be-
low the natural sunlight cut-on, caused unrealistic 
photo-oxidation which could create misleading test 
results. False positives or false negatives could 
result from the spectral mismatch issue inherent in 
the old hardware-based xenon standards and their 
subsequent performance-based rewrites.

Figure 2 shows the results of some of this early 
work. A Fresnel Sunlight Concentrator uses natural 
sunlight and mirrors to create a high irradiance ex-
posure. Because it is using natural sunlight, there 
is negligible spectral mismatch to real outdoor 
conditions.  This particular light source produced a 
good fingerprint match to the natural south Florida 
exposures. Other common light sources, including 
those used in the SAE xenon arc standards, are 
also shown. 

Ford looked at other common “daylight” filters on the 
market, some of which have a better match to the
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natural sunlight cut-on than the Daylight B/B (boro/
boro). Because the photo-oxidation fingerprints 
from these filters did not provide a close enough 
match, Ford sought an improved optical filter.

The 3M Company brought into the mainstream an 
optical filter that was a good candidate. Although 
new to the weathering industry, this type had 
been in use in the biomedical field for testing the 
effects of pharmacological compounds on sunlight 
induced erythema. Ford conducted tests using this 
optical filter and found its photo-oxidation finger-
print was a better match to south Florida results6. 
See Figure 3 and Figure 4.

Photo-Oxidation is Only Half the 
Battle: The BASF, Bayer, Q-Lab 
Acid Etch and Moisture Studies 
An early success of the new era of performance- 
based xenon arc test methods in the automo-
tive industry was publication of ASTM D7356, 
Standard Test Method for Accelerated Acid Etch 
Weathering of Automotive Clearcoats Using a 
Xenon-Arc Exposure Device. Based on research 
performed by BASF and Q-Lab, this test utilized 
the new flat array testers to reproduce acid etch 
of automotive clear coats that occurred during a 
summer of exposure in the acid rain environment 
of Jacksonville, Florida4. A Q-SUN Xe-3-HS model 
was modified to include a secondary spraying sys-
tem to deliver a dilute acid solution to the speci-
mens. The flat array design was important for this 
research because it allowed slow dry-off of dilute 
acid solution into concentrated droplets which 
degraded the clear coat. BASF had observed that 
acid etch failures in the field were almost exclu-
sively on horizontal surfaces such as hoods and 
trunks and rarely on vertical surfaces such as 
doors and fenders, so the flat array tester, slightly 
modified to have a horizontal specimen surface, 
was a logical choice for reproducing acid etch in 
the laboratory. The new method, which simulated 
a season of Jacksonville exposure in a few hun-
dred hours, was a breakthrough to suppliers who 
needed a laboratory method to speed product 
development and reduce risk of field failures and 
unhappy customers. 

Although this study focused on one specific failure 
mechanism, the project was a stepping stone in 
the development of better accelerated weathering 
tests. From an organizational perspective, this

Figure 2:  Comparison of PAS-FTIR photo-oxidation 
fingerprints using various natural and artificial light 

sources.

Figure 3: Spectral Power Distributions highlighting 
wavelength cut-on of noon summer sunlight (ASTM 
G177), Q/B, B/B, and Daylight-F (new) optical filters.

Figure 4:  Comparison of the PAS-FTIR photo-oxida-
tion fingerprints of the new optical filter for xenon 

arc weathering devices versus south Florida, Fresnel 
Sunlight Concentrators, and SAE J2527 with a boro/

boro filter system.
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project continued some of the working relationships that began during the Chrysler studies and that carried into 
later studies.  The project also enticed additional research partners. From a technical standpoint, development of the 
test cycle required careful analysis of the moisture environment in which degradation occurs.  See Table 2. The meth-
odology of translating the outdoor moisture environment into conditions in a xenon arc test chamber was duplicated 
in subsequent research, and elements of the test cycle developed were incorporated into improved general weather-
ing cycles. See Table 3. In particular, the cycle begins with an extended period of darkness after the initial application 
of acid solution.

Summary of Properties

Property Field Observations BASF/Q-SUN Technique

Temperature 70-80°C 80°C

Rainfall 10-15 significant events, Lowest pH 3.5 13 Acid Spray Events pH of 3.4

Dew Evening Dew Dark Step Water Spray

Relative Humidity Typically 80% or Higher 80% Throughout the Test

Orientation 0-5 degrees 0 Degrees

UV Light Spectrum Variable throughout the day Noon Summer Sunlight

UV Light Intensity
Variable throughout the day;   

0.0 – 0.68 W/m2/nm @ 340 nm
Constant 0.55 W/m2/nm @340 nm

Table 2: Summary of outdoor conditions observed in Jacksonville, Florida and  
associated simulation in a xenon arc test chamber.

Step 1 1 minute Dark Exposure with Acid Rain Spray

Step 2 3 hrs 50 minutes
Dark Exposure;  40°C B. P. Temperature;

40°C Chamber Air Temperature;  80% RH

Step 3 12 hrs
Light Exposure;  0.55 W/m2/nm @ 340 nm;  

Daylight Filters;  65°C B.P. Temperature;   
50°C Chamber Air Temperature;  80% RH

Step 4 27 minutes
Dark Exposure;  40°C B.P. Temperature;

40°C Chamber Air Temperature;  80% RH

Step 5 1 minute Dark Exposure with Pure Water (DI) Spray

Step 6 3 hrs 50 minutes
Dark Exposure;  40°C B.P. Temperature;

40°C Chamber Air Temperature;  80% RH

Step 7 1 minute Dark Exposure with Pure Water (DI) Spray

Step 8 3 hrs 50 minutes
Dark Exposure;  40°C B.P. Temperature;

40°C Chamber Air Temperature;  80% RH

Step 9 Go to Step 1

Table 3: BASF Accelerated Acid Etch Test (BAAT).
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Near the end of the acid etch project, BASF 
partnered with Bayer to build on the research into 
outdoor moisture. Bayer maintained a weathering 
exposure site on Blount Island in Jacksonville, 
Florida. The two suppliers to the automotive 
coatings industry wanted to determine how 
much moisture a coating absorbed in the Florida 
environment, the conditions that caused moisture 
uptake, and if the SAE standards (old J1960 and 
new J2527) replicated these mechanisms. It was 
theorized that the SAE standards did not emulate 
outdoor moisture accurately, and that this was the 
reason why blisters, delamination, and cracking that 
were sometimes seen in outdoor Florida results 
and field reports were not replicated in the xenon 
arc tests.

Similar Time of Wetness (TOW) studies were 
performed by Q-Lab in the 1970s. These studies 
were built upon the development of the Cleveland 
Condensation Tester (QCT®) by Q-Lab and the 
Cleveland Coatings Society in the 1960s. These 
studies demonstrated that painted panels in the 
Florida environment maintained liquid water on 
the surface greater than 50% of the time7. Fur-
thermore, the primary cause of wetness was dew 
formation, not rain. The original QUV® accelerated 
weathering tester was designed as an extension of 
the QCT. The condensation function of fluorescent 
UV weathering chambers was a primary reason 
the technology was so widely adopted by the 
coatings industry in the 1970’s and 1980’s. Much 
of the progress in xenon arc testing during the first 
decade of the 21st century has resulted from the 
pursuit of achieving moisture performance similar 
to fluorescent UV testers.

The BASF and Bayer studies, published as “The 
Flaws in Accelerated Weathering of Automotive 
OEM Coatings,” took the TOW studies further by 
developing techniques to measure the mass of 
water absorbed into a coating. In addition, the 
researchers were able to correlate water absorp-
tion and release with ambient temperature, relative 
humidity, and rainfall. This was accomplished by 
using a load cell that recorded the mass of a panel 
over time. They determined that the SAE cycle re-
sulted in significantly less moisture uptake than the 
Florida environment. The researchers also pointed 
out other flaws concerning the cycle3, shown in 
Table 4, and water uptake data is highlighted. On 
average, the SAE cycle produced approximately 
one fifth the water uptake seen in a wet Florida 
day. The maximum moisture uptake possible in 
an automotive coating could be determined by an 
immersion test (extended soak) or by a standard 
condensation exposure (QCT).

Bayer 
Weather  

Station Data
J1960/J2527

Water Volume  
During Light Cycle

App.  
30g/in2

App.  
6g/ in2

% Days with Rain 45% 100%

Dew Vol./Dark Spray
App. 

400-500g/in2

App.  
150-200g/in2

Days with Dew/
Dark Spray

85/97 = 88% 100%

Total H20 Volume 
On Panel

App.  
0.5 gal/in2

App.  
0.2 gal/in2

Coating H20 Uptake
3-10% Volume 
Water/Topcoat

1-3% Volume 
Water/Topcoat

Time of Wetness/
Duration

App. 12.5/24 
hr. 52%

App. 50%

Water Temperature 20-25°C Varies 10-25°C

Water Avg., Min. pH
Avg. pH 6.4, 

Min. 3.7
DI Water pH 

6-8

Dew Ion Content
Na, K, Ca, 

Mg, Cl, NO3, 
SO4

Varies

Temp Max. 77°C + 65-80°C

Time over 60°C
1 Hour/Day 

97 hr/97 Days 
(4%)

App. 50%

Temp Minimum 19°C App. 38°C

Time under 80°F 12.4 Hours/Day 0

Light Spray Temp Max 49°C 65-80°C

Spray Time Light 
Cycle

1 Day/97  
Days = App. 1%

11%

Light vs. Dark Time 55% 67%

Acceleration Factor 1 8

Table 4: Physical property comparisons – 3 month 
Jacksonville field conditions from Bayer Weather Sta-

tion versus 300 hours SAE J1960/J2527.

It is worth noting that this condensation exposure 
is a standard feature of fluorescent UV weather-
ing devices and associated test standards. Figure 
5 shows the maximum water uptake possible in a 
typical automotive coating system versus uptake 
achieved in SAE J2527/J1960. Additional test-
ing showed that this maximum uptake could be 
replicated by an extended cycle of water spray 
in a rotating rack tester and was relatively easy 
to achieve in a flat array tester. The next series 
of tests were designed to show how to achieve 
similar uptake in either tester versus the Florida 
environment. See Figure 6.



8

Figure 6: Comparison of water uptake of coatings in 
the Florida environment to the uptake in a flat array 

tester and a rotating rack (drum) tester. The flat array 
tester was set to the minimum spray on/off setting 

determined in the Chrysler studies.

Fixing the Flaws: Ford Leads the 
Improvements 
The research coalition of BASF, Bayer, and Q-Lab 
needed OEM support and leadership to move 
weathering testing of automotive coatings beyond 
the flawed SAE standards. Chrysler, having 
provided critical leadership to move the industry 
to performance-based standards, was undergo-
ing organizational changes that prevented active 
participation in the next phases of research. Ford, 
having worked to develop an improved optical filter 
for xenon arc weathering chambers, stepped in to 
provide leadership5.

First on the agenda was taking the moisture  
research a step further by creating a model that 
correlated moisture uptake in coatings with weather 
conditions and applying it to xenon arc weather-
ing chambers. The model would inform the next 
steps in the program. The goal of this phase of the 
research was to determine how much moisture 
the chambers were capable of delivering and then 
develop test cycles that achieved comparable 
moisture uptake to panels in Florida. 

Measuring water delivery in a flat array tester 
was straightforward. A special sample tray with 
measuring cups directly captures water spray. This 
technique was ineffective in a rotating rack tester 
however. After trying several methods to measure 
the amount and uniformity of water delivery in a 
rotating rack xenon arc tester, the use of a sponge 
was found effective in both types of chambers, as 
specified in the new ASTM D7869.

Some of the major conclusions from these studies 
were the following:

1. The spray time per minute needed to be 
increased in the flat array tester to achieve 
moisture uptake in coatings similar to Florida 
test results.  Spray time previously had been 
reduced significantly to achieve results that 
matched the rotating rack results running the 
old SAE standards.

2. It was possible for a rotating rack to achieve 
moisture uptake in coatings similar to Florida 
results. This required a long spray step with no 
irradiance at the beginning of the cycle.

3. A method to calibrate the water spray systems 
in xenon arc testers needed to be included in 
future standards for coatings due to the signifi-
cance of water uptake.

4. Use of a standardized sponge was the most 
effective method to calibrate the water spray 
system in a xenon arc weathering chamber.

5. Non-uniformity of water spray and other 
factors necessitated specimen repositioning 
in rotating rack chambers as a requirement 
in future test standards. Repositioning of 
specimens in flat array testers was already a 
requirement in most standards.

6. Inclusion of water spray steps with irradiance 
created unrealistic degradation in coatings 
and therefore should be avoided.

Ford then supervised a series of round robin tests 
to create an effective test cycle. Joining the re-
search team for this lengthy phase of the program 
were Honda, who had independently been doing 
similar work, Atlas, and Boeing6. The addition of 
these companies was important in achieving wide 
industry support for any test standard resulting 
from this research. Boeing also brought different 
coatings technologies to the program, broadening 
the scope beyond the automotive industry.

The specimen set included 106 combinations that 
included:

• Multiple colors:  black, white, blue, red 
• Waterborne & solventborne basecoat 
• Solventborne clearcoat
• Different layering systems
• Systems with and without stabilizers

Figure 5:  Water uptake percentage by volume, SAE 
J2527, extended soak, and 16 hours of QCT tester 

exposure.
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System Number CC/BC Chemistry System Layering
Expected Florida 

Failure Mode
Color

13
Acrylic Melamine/

SBBC
CC/BC/E-coat Delamination off E-coat White

25 Carbamate/SBBC CC/BC/E-coat
Blistering, 

Delamination off E-coat
Blue

97
2K Polyurethane/

WBBC
CC/BC/Primer/ 

E-coat

Gloss Loss, 
Blistering, Delamination 

of CC off BC
Blue

86
2K Polyurethane/

WBBC
CC/BC/Primer/ 

E-coat
Positive Control 

No Failure
White

103
2K Polyurethane/

WBBC
CC/BC/Primer/ 

E-coat

Gloss Loss, Blistering, 
Delamination of CC 

off BC
Red

150 Carbamate/SBBC
CC/BC/Primer/ 

E-coat
Positive Control 

No Failure
Black

SBBC = Solventborne Basecoat WBBC = Waterborne Basecoat

Table 5: Representative sampling of round robin exposure set.

Many of the coatings systems were formulated 
specifically to reveal certain failure modes. Others 
were formulated with stabilizers so that no failure 
mode was expected. The purpose of this design 
was to evaluate accelerated weathering test cycles 
for false positive and false negative results. Table 
5 shows a representative sample of the specimen 
set to illustrate this point.

To evaluate these coatings, the researchers 
employed a mixture of visual and analytical 
techniques. Color and gloss readings, performed 
instrumentally, were accompanied by visual evalu-
ations to look for physical defects. As in the earlier 
Ford studies, PAS-FTIR was used to measure 
photo-oxidation. To measure the migration of UV 
absorbers within certain coating systems, ultravio-
let microspectroscopy was used. This test required 
punching out a one-centimeter circular disk from 
panels and performing a painstaking procedure to 
isolate the coating film for measurements.

All specimens were exposed at a south Florida 
test site for a minimum of two years. Automotive 
panels were returned for evaluations to the same 
laboratory every 6 months. Aerospace coatings 
were evaluated for color and gloss every 3 months. 

Accelerated tests were performed in Atlas Ci4000 
and Ci5000 rotating rack xenon arc test chambers 
and the flat array Q-SUN Xe-3-HS from Q-Lab. A 
total of 6 rotating rack and 4 flat array test cham-
bers at multiple sites were used in the studies. In 
addition, some specimens were tested in a Ci35 
according to SAE J1960/J2527. The exposures 
were timed to achieve a minimum of 3000 kJ/m2 at 
340 nm. 

The original SAE method had shown acceptable 
accuracy in anticipating color and gloss loss for 
many coatings. Flaws in this cycle resulted in its 
failure to reproduce photo-oxidation, cracking, 
blistering, and delamination. Consequently, this 
study largely focused on these areas. As discussed 
above, the earlier Ford work had identified spec-
tral mismatch between the optical filters com-
monly used in xenon arc weathering chambers 
and sunlight as a primary cause of inaccurate 
reproduction of photo-oxidation during weathering 
cycles. Also discussed above, an improved optical 
filter was developed for weathering applications 
and used in this study. 

Figures 7, 8, and 9 show a schematic representa-
tion of moisture and irradiance cycles of a typical 
day in Florida, the old SAE cycle, and the new 
cycle published in ASTM D7869. This new cycle 
represented a hybrid of two common approaches 
used in laboratory weathering cycles. Alternat-
ing long periods of wetness and irradiance are 
common in fluorescent UV testers such as the 
QUV weathering test chamber because of that 
technology’s origins as a condensation tester for 
blistering of coatings. Rapid cycling designed to 
compress a typical daily exposure into a few hours 
in a chamber is a common feature of many xenon 
test cycles, including the original SAE cycle. 

In this study, a 12-hour dark step with water spray 
followed by 12 hours of irradiance without water 
spray was able to produce blistering and de-
lamination in coatings that exhibited these failure 
modes after Florida exposure. This result demon-
strates the importance of reproducing moisture 
uptake in the laboratory8. This cycle was not able 
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Figure 7:  Typical day/night irradiance and moisture 
cycling in the outdoor environment.

Figure 8:  Daily spray and irradiance cycling  
in SAE J2527.

Figure 9: Daily spray and irradiance cycling  
in ASTM D7869.

Step Function RH %
Irradiance
W/(m2 ∙ nm)
@340 nm

Black Panel
Temperature

°C

Air 
Temperature

°C

Time
(hh:mm)

1 Dark + Spray 95% — — 40° 4:00

2 Light 50% 0.40 50° 42° 0:30

3 Light 50% 0.80 70° 50° 4:30

4 Light 50% 0.40 50° 42° 0:30

5 Dark + Spray 95% — — 40° 2:30

6 Subcycle Repeat Steps 7-10, 4x

7 Dark + Spray 95% — — 40° 0:30

8 Light 50% 0.40 50° 42° 0:20

9 Light 50% 0.80 70° 50° 2:00

10 Dark 50% — — 40° 0:10

11 Final Step - Go To Step 1

Table 6:  New xenon arc cycle published in ASTM D7869.

to reproduce cracking in coatings that experienced 
this failure mode in the outdoor test. Using an 
exhaustive, iterative approach, the researchers 
in these latter Ford studies adjusted the periods 
of the long spray and irradiance cycles and rapid 
light/dark/spray/temperature cycling to optimize 
correlation of all failure modes on all coating types. 
These experiments lasted several years. The ulti-
mate cycle as published in ASTM D7869 is shown 
in Table 6. 
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The new cycle showed excellent correlation to 
south Florida outdoor results for all of the degra-
dation modes examined and all of the coating sys-
tems tested. For the first time, a single exposure 
correctly anticipated outdoor results for color and 
gloss loss, blistering, cracking, loss of adhesion, 
and photo-oxidation. One other degradation mode, 
consumption of UV absorbers, was reasonably 
well replicated in the new cycle but did not occur 
at the same rate as chemical degradation. 

A very interesting finding was that “frequency of 
the temperature and wet/dry cycles also scales 
appropriately with Florida exposure6.” A typical 
Florida day results in 8.4 kJ of exposure to radia-
tion at 340 nm.  The original SAE cycles (J1960/
J2527) results in 3.9 kJ per stress cycle. The new 
protocol results in 9.9 kJ per stress cycle, much 
closer to the natural conditions than the SAE 
cycle. In other words, the new cycle is better than 
SAE J2527 at overall simulation of the natural 
weathering factors that degrade coatings.

Not only is the new protocol a better simulation of 
natural weathering, it’s faster. If the test is based 
on radiation dosage, the two tests are about the 
same. On a time basis, however, the new protocol 
is 40% faster than J2527. This is because the new 
cycle uses a higher irradiance than the old and 
has slightly longer overall duration of irradiance 
than before.

However, the new test does not provide a uni-
versal acceleration factor, what’s often referred 
to by weathering experts as a "magic number." 
Acceleration factors were calculated in this study. 
For automotive coatings, they ranged from 8 to 16. 
In other words, a month of testing with the new 
protocol was similar to 8 to 16 months outdoors 
in south Florida. For aerospace coatings, which 
typically do not have clearcoats, the acceleration 
factors were much smaller, approximately 3 to 4. 
For anyone using this protocol with no knowledge 
of the outdoor performance of their materials, 
there is significant room for error in assuming an 
acceleration factor. The need for outdoor testing 
has yet to be eliminated.

Conclusions 
The state of the art of accelerated laboratory 
weathering has been expanded. For the first time, 
a single laboratory exposure was able to accu-
rately correlate to an outdoor exposure for both a 
variety of coating systems and all of their critical 
failure modes. The new protocol is better and 
faster than its predecessor.

The technical breakthroughs required to achieve 
this result included:
• The development of a new optical filter for 

xenon arc weathering chambers that offers a 
better match to sunlight.

• Methods to accurately measure outdoor mois-
ture uptake in coatings and moisture delivery 
in xenon arc weathering devices.

• A novel combining of the strengths of tradi-
tional fluorescent UV and xenon arc test cy-
cles. Fluorescent UV tests typically alternate 
between long duration dark wet cycles and 
long UV cycles at slightly elevated irradiance 
compared to maximum sunlight. Xenon tests 
typically include rapid cycling between wet 
and dry conditions and run at slightly lower 
irradiance than maximum sunlight. The new 
xenon arc protocol includes alternating wet 
and light cycles at elevated irradiance and 
rapid cycling to create thermal stresses.

Creation of ASTM D7869 represents an organi-
zational achievement in addition to its advance-
ment of weathering science. It is the culmination 
of a series of projects that began at the turn of 
the 21st century involving several companies and 
dozens of researchers, many of whom were com-
petitors in their respective markets. Old standards 
had to be replaced by new performance-based 
documents for an open market to develop, without 
which innovation would have been hindered. 
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