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The Mission: Modern high-performance exterior coatings  
are expected to meet special demands. They must defy the  
elements as long as possible. For, weathering gradually leads 
to a gradual deterioration in the quality-determining paint  
properties. This process needs to be delayed for as long as  
possible. Predictions of coating durability are essential,  
though, and must be obtained in the shortest time possible. 

The Audience: Paint testers seeking an in-depth introduction  
to the topic and to perform accelerated weathering tests  
successfully. Paint developers seeking to better evaluate  
the strengths and weaknesses as regards the predictability  
and portability of results of the various different kinds of  
accelerated weathering with a view to being able to counter the 
risk of wrong decisions about whether to commence production  
or to cancel a new development.

The Value: This fundamental work shows how to identify the  
weak points of accelerated testing, to avoid errors and thus  
to boost confidence in the test results. Boasting a compact  
theoretical section on the key fundamentals of paint ageing, 
this book imparts the necessary expert knowledge that will 
enable paint testers to make an informed choice about the  
methods and instruments to employ in accelerated weathering.
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Foreword

“Accelerated Testing: Nature and Artificial Weathering in the Coatings Industry” is aimed at all 
those involved or interested in creating, producing, applying, and testing modern high-quality 
coatings for outdoor use. 

Coatings are exposed to a great many severe natural stresses that cause a gradual deterioration 
of the properties which are responsible for the coatings’ very quality. Nevertheless, buyers expect 
coated products to remain in an as-new condition – which is mostly characterised by a highly 
attractive appearance and intact surface – for as long as possible. This calls for coatings of high 
weatherability and long service life. In this book, accelerated testing, through its simulation of the 
destructive action of natural weathering, is the means for testing this coating quality. Test engi-
neers shoulder much responsibility because not only must the results form the basis for reliable 
predictions, but they must also be obtained economically and as quickly as possible. Their results 
are the dominant factor in any decision to take a new coating creation into series production.

Accelerated testing has become an indispensable tool in the paint and coatings chemistry as a 
means of avoiding nasty surprises by coatings in normal use. Other methods of predicting service 
life are still too unreliable, given the extent of current weathering knowledge. Modern-day, high-
quality coatings are highly complex systems which contain numerous essential additives. Not 
surprisingly, coatings chemistry is therefore sometimes jokingly likened to alchemy. But natural 
weathering, in all its random manifestations of different impact, is equally complex. 

Words alone cannot describe how best to simulate the team-like interaction of such a complex 
system in the laboratory. There is more to successful simulation than applying a standardized 
test method, or switching on a fully controlled weathering device which has been marketed as 
an all-rounder. It takes know-how, experience and skill. This book will help such abilities to be 
acquired.

The culmination of decades of experience in the development and performance of accelerated 
testing methods, it will help those engaged in coatings testing to successfully introduce and 
implement accelerated testing. It will help them not only to critically assess and identify the 
weaknesses of accelerated testing methods but also to nimbly sidestep the likely errors and have 
confidence in the test results.

Berlin, Germany, August 2008

Ulrich Schulz
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life to reflect the present state of the art in paint chemistry. However, the expected and the real 
service life often fail to match. Let us stay with the DIY example. It can be safely assumed that 
nearly all readers of this book have had bad experiences when it comes to the service life of a coat-
ing, for instance, in their own dwellings or leisure pursuits. If the paintwork of garden furniture 
that you lovingly coated yourself starts flaking after a short summer in use, there would certainly 
be cause for complaint. To back up your case, you would cite the declaration on the container that 
the product is suitable for indoor and outdoor use, and perhaps the expiry date for the paint in the 
unopened container, but you will not find information about the coating’s service life in defined 
normal use. In other words, there is little hope of winning your case from a guarantee viewpoint. 
This is annoying, but is still relatively innocuous. 

However, complaints about poor coating quality can quickly arise in the automotive industry, with 
claims for damages reaching several million Euros. In order to avoid this, such coating users will 
insist on as much reliable evidence as possible that the delivered cars will retain their initial attrac-
tive and intact appearance over the guaranteed service life during use in that country and intended 
export countries. If the service life expires within the term of the guarantee, complaints by the car 
owners will be unavoidable and might impact on further sales. Increasing competitive pressure 
along with increasing economic and environmental restrictions, especially in the auto market, are 
making it necessary to couch failure criteria more closely. Conversely, overly high sureties, where 
they exist, are becoming unaffordable. In other words, expectations about the transferability of 
the results of accelerated testing to actual practice are steadily rising. Characterising a coat-
ing’s quality simply in terms of weatherability, without further definition, will prove inadequate 
for meeting rising requirements in the future! Determining a coating’s ageing behaviour on the 
basis of accelerated testing leads to more reliable predictions of service life.

2.4	 Accelerated	testing	and	service-life	prediction
As already discussed in Chapter 2.3, knowledge of the ageing behaviour and a reliable service 
life prediction derived from that are gaining in prominence in coating technology. In this context, 
the question arises as to which possibilities paint makers and coating users have of acquiring this 
know-how. Whereas paint makers have extensive theoretical means due to their training practi-
cal experience, coatings users insist on practical evidence so as to be able to estimate a coating’s 
aging behaviour more or less exactly in order be sure of avoiding expensive complaints. Let us stay 
with the example of the automotive industry. In this scenario, a car manufacturer offers a 5-year 
guarantee on the car body finish. Therefore, the easiest way to test this promise would be to drive 
appropriate cars under conditions of normal use prior to series production. However, the competi-
tive situation mentioned above renders such a method of demonstrating the coating’s service life 
virtually unaffordable now. A weathering test of that kind is time-consuming and cost-intensive. 
To ensure adequate statistical certainty, at least ten cars would have to be subjected to each type of 
normal use. In other words, a lot of cars would have to be involved in the test. The resultant time 
lapse between the coating’s creation and its implementation in practice would be unacceptable, 
especially in light of the speed at which coatings are developing. Therefore, there are only a few 
cases of normal use tests being conducted under actual weathering stress. 

The information necessary for effectively and reliably predicting the coating’s service life is 
provided by accelerated testing. However the current, mostly standardised methods of acceler-
ated testing do not always fulfil this task adequately. In many cases, they are not even up to date. 
Accelerated testing itself must be continuously developed to reflect advances in coatings. 
New creations by the coating industry often require new test method designs, for instance, that 
change the weighting of the acting weathering stress factors. A further goal of this book will be to 
provide the reader with the tools for critically examining methods of accelerated testing. As will 
be discussed later in Chapter 8.3, test standards always lag behind advances in coatings.

General aspects of accelerated testing
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2.5	 	Accelerated	testing	–	time-compressed	or		
	 accelerated
The desire to acquire evidence of the service life that can be expected in normal use as quickly 
as possible is as old as coatings development itself. Its fulfilment has remained a challenge for 
coatings testing down to the present. Accelerated testing was the test method arrived at for meet-
ing it. According to the statements made above, accelerated testing can be expected to be suc-
cessful only if the weathering stress factors leading to coating ageing are known and simulated 
in such a way that coatings are aged at higher speeds under test conditions than in normal use, 
but without unacceptable loss of practice correlation. Until now, it was frequently not known 
which of the weather conditions outdoors needed to be involved or not in the weathering stress 
and designed into the weathering test method. A look at current standardised methods of acceler-
ated testing reveals that major stress factors, such as moisture, are underestimated while others 
are given undue attention, such as phases of darkness whose contribution to coating ageing are 
questionable. According to VDI Guideline 3958-1  Environmental Simulation, Fundamentals and 
Methods [9], attempts to shorten the exposure period are nowadays increasingly based on worst 
case weather scenarios. First, it needs to be established what is meant by a worst case weather 
scenario. It describes a real weather situation that causes the coating to age particularly rapidly 
or at least faster than in other situations. It generally makes the greatest contribution to ageing. It 
is characterised by a regular simultaneous occurrence of weathering stresses that are particularly 
destructive and whose combined effects are often boosted by synergy. 

A selection of typical worst case weather scenarios is listed in Table 2.4. They all are weather 
situations characterised by the action of sunshine in specific combination with one or more of 
the other environmental stress factors, such as heat (high temperature), moisture (high or low 
relative humidity, rain), and acid atmospheric precipitation (acid rain, dew, or fog). As can be 
seen, sunshine is part of all worst case weather scenarios. Different types of coatings can have 
different worst case weather scenarios. Furthermore, different worst case weather scenarios are 
also possible if different ageing criteria are applied. This can be explained, for instance, with 
pigmented coatings. Resin and pigments are degraded by different ageing mechanisms. It is pos-
sible, for example that the loss of gloss caused by preferential degradation of the resin and the 
change in colour caused by preferential degradation of the pigment can lead to competing worst 
case weather scenarios. An example taken from the literature [10] (more detail is provided in Table 
3.9) demonstrates how the type of worst case weather scenario can depend on the chosen age-
ing criterion. In this example, the results of two outdoor weathering tests performed on identical 
series of pigmented coatings out in Miami, Florida and Aquaba, Jordan, were compared. Where 
loss of gloss was the ageing criterion, the test carried out in the hot dry desert climate of Aquaba, 
Jordan, revealed the fastest coating ageing. In contrast, where chalking was the ageing criterion, 
the humid subtropical climate of Miami, Florida, yielded the fastest coating ageing. Including a 
dry-heat weather situation as the possible worst case weather scenario in Table 2.4 means that 
the stress caused by a hot desert climate can also lead to the highest rate of ageing. Consequently, 
high moisture, which is a weathering stress factor that usually accelerates ageing, can also slow 
down the negative changes of certain coating properties during weathering. However, such cases 
are seldom and mostly limited to one of the ageing criteria. 

Accelerated testing – time-compressed or  accelerated

Table 2.4: Possible worst case weather scenarios capable of affecting coatings in normal use

Weather scenarios

Sunshine at high temperature and high relative humidity (humid-hot)

Sunshine after longstanding rainfalls 

Sunshine at high temperature and low relative humidity (hot-dray) 

Sunshine after acid rain or acid dew
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As described in VDI Guideline 3958-1 Environmental Simulation, Fundamentals and Methods [9], 
accelerated testing can be designed as time-compressed or accelerated test methods, which are 
common time-saving strategies in environmental testing. The essential differences between these 
two types of simulated weathering stress are listed in Table 2.5. Where the worst case weather 
scenario or scenarios of the coatings or coating series to be tested are known, accelerated test-
ing is designed as a time-compressed method by including the respective worst case weather 
scenario or scenarios in the test cycle, but much more frequently than they occur during normal 
use. It is this higher frequency which makes the time-saving effect possible. An essential feature 
of time-compressed accelerated testing is that the chosen test parameters do not or only 
slightly exceed the extremes of real conditions of normal use. This method ensures that no 
ageing mechanisms are included which would never occur in normal use. Avoiding such unnatu-
ral mechanisms also ensures that service-life prediction based on time-compressed methods can 
be seen as more reliable than those based on the accelerated method discussed below. 

The accelerated test method employs test parameters that considerably exceed the real conditions 
of normal use. One more for good measure is the underlying maxim by which coating ageing is 
expected to accelerate in line with the degree to which the test parameters are exceeded. The aim 
of accelerated test methods is to considerably shorten the necessary exposure period relative to 
the time-compressed methods. A typical feature of accelerated methods is the acceptance that 
the unrealistically exceeded test parameters may initiate unnatural ageing mechanisms that yield 
a loss of correlation with reality. It can make sense to use worst case weather scenarios too for 
designing an accelerated testing test in which one or more of the test parameters, such as photon 
energy, radiation, content of airborne pollutants, and acidity of rain, is exaggerated. 

Instances of such accelerated testing tests are known that needed only a fifth of the time needed 
by time-compressed method to produce the same ageing effect. Certain accelerated testing tests 
have justified their right to exist, especially for the monitoring of series production. Accelerated 
test methods cannot be recommended for testing new coating creations based on new raw mate-
rials, formulations or types of application. The outcome of over-acceleration might be that new 
coating creations which are excellent for normal use could be adjudged unsuitable and therefore 
prevented from going into series production. Nowadays, time-compressed and moderately 
accelerated testing tests are frequently used in combination.

Special weathering test methods, known as ultra-accelerated testing, have been published in 
the literature. These methods expose the samples to radiation of unnaturally short wavelength, 
extremely high-intensity radiation from UV excimer laser, or special lamps with plasma dis-
charges in highly reactive gas mixtures and others. According to the inventors, these methods 
enable service-life predictions to be made after just a few hours’ exposure. According to the 
present state of the science, such types of ultra-accelerated testing are completely devoid of reality, 
and must be considered as silly nonsense. The reader should agree with this judgement after read-
ing Chapter 3. In contrast, methods that work with shortened exposure periods and performed 
with common test parameters combined with highly sensitive analytical methods constitute a 

General aspects of accelerated testing

Table 2.5: Time-saving strategies in accelerated testing

Time compressed test Accelerated test

Choice of the test 
parameters

without significantly exceeding of the 
extreme values of the actual weathering 
stresses

with significantly exceeding of the 
extreme values of one or several of the 
actual weathering stresses

Recommended 
test method

simulation of  the “worst case” weather 
scenario (if known) with higher frequen-
cy than encountered during normal use

simulation of the “worst case” weather 
scenario (if known), similar to the time 
compressed test, but using test para-
meters with increased severity 

Performance natural and artificial weathering predominantly artificial weathering
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21Accelerated testing – time-compressed or  accelerated

further useful and modern time-saving strategy that offers an alternative to the conventional 
types of accelerated testing. Those methods employ common weathering techniques, but do not 
apply the common ageing criteria, such as loss of gloss and colour changes. They use such special 
analytical techniques as IR spectroscopy, chemoluminescence, and thermoluminescence. These 
analytical techniques enable ageing-related changes in the coating to be identified long before the 
common ageing criteria become visible. There are reports that the ageing-related differentiation 
found in a series of different automotive coatings samples exposed for 40 days were found in the 
same weathering test after just 10 days of exposure to chemoluminescence. However, more work 
is needed on detecting such early-occurring, invisible ageing effects reliably and at an acceptable 
cost. These efforts can be seen as a means for further shortening the duration of accelerated test-
ing without loss of correlation with practice. 

Real weathering stress, whether time-compressed or accelerated, can be simulated in both natural 
or artificial ways. The natural form of accelerated testing is outdoor weathering under natural 
weathering stress. The essential feature of all outdoor weathering tests is the use of the sun as the 
primary source of radiation. For accelerated testing in laboratory weathering devices, known as 
artificial weathering,  corresponding devices and artificial radiation sources are used to simulate 
weathering stress in normal use.
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22 Effects of weathering stress

3	 Effects	of	weathering	stress

3.1	 Coating	ageing	by	weathering

3.1.1	 General	aspects

Weathering stress on coatings generally manifests itself in ageing of the coating. In order to 
understand the processes leading to coating ageing better, the mechanisms that occur in the 
coating material during weathering will be described in more detail. The essential weathering 
stress factors shown in Figure 2.1 are discussed one after the other in this book. In general, age-
ing of materials is, according to DIN 50035 [11], the totality of all chemical and physical processes 
that occur irreversibly in a material in the presence or absence of external influences. Outdoors, 
external influences may be regarded as the dominant influences. These influences and their 
causes are listed in Table 3.1. 

Undoubtedly, the primary reason for coating ageing in outdoor use is that of weathering stress. 
Therefore, all aspects of accelerated testing can be limited to weathering stress characterised by 
all stress factors acting thermally, chemically, mechanically, and biologically during outdoor use, 
whether alone or in combination. The quality of accelerated testing can be judged by the ability 
to simulate the complexity of weathering stress. There are examples that prove that certain stress 
factors are boosted enormously in combination due to synergies. Tests on automotive coatings, for 
instance, have revealed that attacks by acid atmospheric precipitation or by biological substances 
only led to considerable damage during artificial weathering if these stress factors were combined 
with others, such as global radiation, heat and water.

Furthermore, coating ageing can be differentiated as a function of ageing reaction. Table 3.2 shows 
a listing of known weather-induced ageing reactions that lead to irreversible chemical alterations 
in polymeric materials due to outdoor weathering. Due to the predominant role of radiation during 
weathering, these reactions are generally called “photochemical aging” or “photodegradation” . 

These reactions occur in different ratios simultaneously or consecutively during weathering. The 
degradation of PVC is a good example of a complex photodissociation reaction (here: dehydrochlo-
rination and photooxidation). Since normal outdoor use of coatings includes the presence of radia-
tion, as well as atmospheric oxygen, photooxidation can be seen as predominant ageing reaction.

Table 3.1: Reasons and major effects on coating ageing during outdoor weathering

Cause Essential effect

1 thermal stress thermal degradation

2 chemical stress chemical degradation

3 mechanical stress molecule scission

4 stress by ionicing radiation radiation-caused chain breaking or branching 
(cross linking)

5 biological stress biological degradation (e.g. composting)

6 stress by weathering 
(mutual action of the stresses  
from the natural environmental) 

photochemical ageing

Ulrich Schulz: Accelerated Testing: 
Nature and Artificial Weathering in the Coatings Industry
© Copyright 2009 by Vincentz Network, Hannover, Germany
ISBN: 978-3-86630-908-1
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23Coating ageing by weathering

As already discussed in Chapter 2.3, carbon dioxide and water are the stable end products of the 
photooxidation of all polymeric materials according to the laws of thermodynamics. The reader 
may recall that the energy threshold, the so-called activation energy, must be overcome before 
photooxidation can occur! Global radiation contains photons of sufficient energy for this purpose. 
However, the polymer must absorb 
these photons in order to transfer their 
energy to polymer molecules. There-
fore, absorption of radiation is always 
the primary photophysical reaction of 
the ageing process. If the absorbed 
photon has enough energy, it may be 
able to activate the affected polymer 
molecule and promote it to an excited 
energy state. The excited molecule is 
no longer within its energy equilibrium 
and therefore strives to get rid of its sur-
plus energy as fast as possible using 
one of the deactivation processes listed 
in Table 3.3.

Which of the three deactivation routes is 
chosen by an excited polymer molecule 
predominantly depends on the photon 
energy and the ambient conditions, as 
described later in Chapter 3.1.3. If acti-
vation caused by absorption of a photon 
does not initiate photooxidation, deacti-
vation will predominantly occur intra-
molecularly by physical processes that 
cause no damage to the polymer. Those 
processes which take place inside the 
polymer molecule and usually proceed 
over several steps are described in more 
detail in [13] and [14]. For our purposes, we 
shall explain the key concepts using a 
simplified form of the so-called Jablon-
ski diagram shown in Figure 3.1.

This schematically shows activation 
and deactivation for the energy states 
S0, S1 und S2 (singlet states) und T1 und 
T2 (triplet states). The thick horizontal 
lines above and below the energy levels 

Table 3.3: Deactivation processes of excited polymer molecules

Table 3.2: Essential reactions causing photodegradation 
(adapted from [12])

Weather-caused degradation (photochemical ageing)

1 photooxidation

2 photodissociation (e.g. dehydrochlorination  
of PVC)

3 peroxyde and hydroperoxyde conversion

4 Norrish reactions Type I and II

5 photo-Fries reaction

6 photosubstitution

7 photoaddition

8 photoelimination

8 phodimerization

9 photocondensation

10 photoisomerisation

11 photoionisation

Figure 3.1: Energy states of organic molecules  
(“The Jablonski diagram”)

Deactivation process Kind of energy transfer

1 intramolecular deactivation fluorescence (f), phosphorescence (p) 
warming (w)

2 intermolecular deactivation energy transfer to an acceptor 
(e.g. a stabilizer)

3 deactivation by chemical reaction breaking of chemical bonds causing reaction with oxygen 
leading to chemically changed products
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characterise the respective vibration or rotation levels, but are not discussed in more detail. The 
sloping arrows © mean absorption of photon energy. The dashed horizontal arrows stand for 
radiation-free energy transfer. The downward arrows (f and p) indicate intra-molecular deactiva-
tion. When a photon is absorbed ©, the accepting polymer molecule is promoted from its base 
energy level S0 to one of the excited energy levels S1, S2, or T2, the choice of level depending on 
the photon’s energy. Intramolecular deactivation proceeds by emission of radiation in the form of 
fluorescence (f) or phosphorescence (p) from the singlet state levels S1 and S2 or from the triplet 
state level T2 back to the base energy state level S0 or by slight heating (w) of the polymer. 

In the case of intermolecular deactivation, the excited polymer molecule donates its surplus 
energy to another. If the accepting polymer molecule can dissipate this energy in a harmless 
form, such as heat or infrared radiation, no chemical alteration to the polymer molecule will 
happen. Weathering-induced damage of polymers can only occur if the latter type of deactiva-
tion by chemical reaction takes place. In this case, the energy of the absorbed photon serves as 
the activation energy for initiating photooxidation of the excited polymer molecule that leads 
to its degradation.

3.1.2	 Photooxidation	–		
	 	 	 	 predominant	type	of	
	 	 	 	 coating	ageing		

This section of Chapter 3 is devoted 
to photooxidation as the predominant 
type of ageing undergone by coatings in 
normal use. The mechanism by which 
activation and oxidation of polymer 
molecules starts and progresses is dem-
onstrated for polyethylene in Figure 3.2. 
This example is often used to simplify 
the explanation. Photooxidation of coat-
ings proceeds similarly, but is much 
more complicated. 

In general, oxidation of a polymer mol-
ecule proceeds in the form of a free-
radical chain mechanism. It starts, as 
shown in Figure 3.2, with absorption 
of photon energy “h ” to generate a 
polymer free-radical “R·”. The initiation 
reaction (1) is triggered by the energy-
rich photons of the global radiation. To 
trigger the reaction (1), the photons 
must be capable of breaking the poly-
mer bond. Therefore, photon energy 
and bond strength must at least be 
equal. The black curve in Figure 3.3 
shows the photon energy as a func-
tion of the radiation’s wavelength. The 
shaded rectangles indicate the range of 
bond strengths of the polymer bonds 
concerned as a function of the wave-

Figure 3.3: Comparison of photon energy and bond strength 
(adapted from [17]) 

Figure 3.2: Mechanism of photooxidation (adapted from [15] 
and [16])

Effects of weathering stress
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length of the radiation. This chart illustrates the wavelength range over which the radiation can 
break up a specific type of polymer bond.

In line with the detailed explanations of the spectral distribution which follow in Chapter 3.2.1.2, 
the global radiation contains radiation down to a wavelength of 300 nm, equivalent to a photon 
energy of at least 398 kJ/mol. Global radiation is therefore able to cleave the polymer bonds most 
frequently found in common coating resins, and to initiate the photooxidation. Furthermore, the 
position of the vertical right edges of the shaded rectangles shown in this figure indicate that only 
that part of global radiation which has a wavelength of less than 400 nm is able to cleave the usual 
polymer bonds. The part of global radiation that is dangerous for polymers is called global UV.

The free-radicals generated by the free-radical chain mechanism of photooxidation shown in Figure 
3.2 are highly reactive because of free valencies. They are predominantly available for reaction 
with oxygen. The free-radical R· generated in the initiation reaction (1) reacts with oxygen to form 
the free-radical ROO· as show in in reaction (2). This is followed by reaction (3) which generates 
hydroperoxide (ROOH) und a further free-radical R·. Since both of the so-called propagation reac-
tions (2) and (3) also lead to free-radicals, the mechanism of photooxidation is able to occur without 
a further reaction initiated by an absorbed photon. In other words, once initiated, photooxida-
tion could be maintained without further irradiation if it were not terminated by other reactions. 
Theoretically, one initiation could lead to the complete destruction of the polymer. The so-called 
branching reaction (4) has an accelerating effect on polymer degradation. It takes place when the 
hydroperoxide generated by reaction (3) absorbs a further photon h . Propagation reaction (4) forms 
two new polymer free-radicals RO· and OH· without consuming another one. Reaction (4) can lead 
to branching of the free-radical chain mechanism. The scission of hydroperoxide can be catalytically 
accelerated by metal ions capable of existing in several valencies, represented here in Figure 3.2 by 
reaction (8) with the example of iron. The marked variability in the service life of the PMMA used 
to roof the buildings of the Olympic Park in Munich in 1972 is a good example of the acceleration of 
polymer degradation due to iron. A few parts per million of iron inadvertently got inside the material 
during manufacturing, causing a difference in service life of about 30 years [18].

If the free-radicals do not quickly find the oxygen which they need by way of reaction partner, the 
photooxidation mechanism can be terminated by recombination of free-radicals, as represented 
by reactions (5) (6), and (7). Recombination of free-radicals leads to slight warming, frequently 
combined with formation of stable intermediate products (R-R), such as ketones and alcohols, 
represented by reaction (5). If termination is due to recombination of free-radicals belonging to 
the same polymer molecule, chemical change will mostly not occur. However, recombination of 
free-radicals from different polymer molecules can lead to crosslinking, and is mostly accom-
panied by increased brittleness. Reactions (6) and (7) lead to the formation of carbonyl groups  
(ROOR). As will be described later, carbonyl groups are so-called chromophores that enormously 
contribute to the absorption of UV radiation. Intermediate products generated by termination of 
the photooxidation can be degraded by further photooxidation and the same mechanism as far as 
the stable end products, namely carbon dioxide and water. 

It is known that highly pure polymers have very good weatherability. The reason is that pure poly-
mers themselves are unable to absorb the radiation which has the necessary photon energy for 
breaking chemical bonds. The mecha-
nism of photooxidation cannot be trig-
gered without absorption of radiation. 
However, technical products, includ-
ing standard coatings, mostly contain 
enough additives and impurities acting 
as chromophores that are able to absorb 
photons and transfer their energy to the 

Table 3.4: Extinction coefficient and quantum efficiency of 
two typical chromophores (from [17])

Chromophore Extinction 
(at 310 nm) 
Mol–1 cm–1

Quantum 
efficiciency

Hydroperoxides 0.4 1

Carbonyl groups 10 0.01 to 0.08

Coating ageing by weathering
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polymer molecules. The most important chromophores are hydroperoxide and carbonyl groups. 
They can be formed during weathering, as described earlier. However, they can already exist in 
the virgin unweathered polymer, for instance, having been formed by processes during the poly-
mer’s prehistory. Table 3.4 shows the essential properties of both these chromophores. 

The extinction coefficient characterises the ability to absorb UV radiation, in our case radiation 
of 310 nm. Quantum efficiency indicates how many of the photons absorbed by the polymer lead 
to the formation of polymer free-radicals as a prerequisite for photooxidation. In comparison, 
hydroperoxides are less able to absorb UV; however, almost each of the absorbed photons leads to 
free radicals. Carbonyl groups are better able to absorb UV, but the number of absorbed photons 
leading to free-radicals is lower. For all the chromophores inside a polymer, the quantum effi-
ciency will only be 10–2 to 10–5, i.e. of the 100 to 100,000 polymer molecules that are hit by a UV 
photon, only one leads to a chemical change. Whether excitation of a polymer molecule by a UV 
photon leads to photooxidation or whether the surplus energy is dissipated by one of the physical 
types of deactivation depends on a large number of internal and external conditions, as will be 
discussed in the next chapter.

3.1.3	 Influences	on	photooxidation
Figure 3.4 shows the key influences on the two basic reactions – activation and deactivation – of 
polymers outdoors in normal use. 

Activation of a polymer molecule (represented here by the black horizontal arrow from A (S0) to A 
(S1;2)) is predominantly influenced by the quantity and quality of the available global UV (radia-
tion EUV and wavelength UV), as well as by the type of coating itself. The coating predominantly 
influences activation of the molecule via its content of chromophores and light stabilisers, as well 
as its formulation and prehistory. The environmental stresses listed on the right of Figure 3.4 are 
responsible for the path of deactivation. They determine whether deactivation of excited molecule 
A takes place by chemical reaction with oxygen to form a stable new molecule B (represented by 
the black horizontal arrow from A (S1;2) to B (S0)) or by a physical type of deactivation to the base 
energy state A (S0) without change in molecule A (the returning grey arrow from A (S1;2) to A 
(S0)). Only the path from A (S0) to B (S0) is of interest in accelerated testing. The key prerequisite 
for the formation of oxidation product B is the presence of oxygen, of course. That does not mean 
only the oxygen in the ambient atmosphere. 

Figure 3.4: The key influences on activation and deactivation

Effects of weathering stress
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