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a b s t r a c t

The influence of the conditions of artificial degradation experiments on the photodegradation process of
polyestereurethane clearcoats has been studied by comparing three types of exposure experiments with
different conditions regarding the spectral power distribution (SPD), the exposure atmosphere (aerobic
and anaerobic) and the presence of water. The presence of short wavelengths (l < 295 nm) in the SPD
largely influences the depth-inhomogeneity of degradation with respect to the optical properties and the
chemical composition of the coating. The availability of oxygen in the exposure atmosphere determines
the degradation pathway that is followed, such as to what extent the photo-oxidative breakage of ure-
thane bonds or the formation of yellow chromophores due to aromatic crosslinking reactions occurs.
Indentations at the surfaces of virgin and degraded coatings showed an increase in Young's modulus and
hardness when degraded under aerobic conditions, while degradation under anaerobic conditions did
not lead to significant changes. The presence of water is responsible for increasing the surface roughness
of the coating during degradation, which directly influences the coating's gloss retention. Several time-
independent correlations between the changes in chemical, optical and mechanical properties of coat-
ings resulting from different exposure experiments have been established.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Weathering research largely deals with the question how the
performance of a material evolves under the circumstances that
this material experiences during its service life. The (literally) most
natural approach to address this question experimentally is via so-
called field exposure: a situation in which a material is exposed to
its intended (outdoors) service environment and therefore, by
default, experiences the conditions that match exactly those that
the material would experience upon application in the field [1].
Although often perceived as the most reliable form of weathering
experiments, field exposure suffers from several disadvantages,
including the long exposure times that are generally required, the
cost of those prolonged experiments and the lack of control and
reproducibility. Even though the parameters of changing weather
can be monitored and therefore included into later analyses, the
26
fact that the weather cannot be controlled makes it difficult to
understand the influence of individual degradation factors on the
weathering process.

In order to avoid most of these disadvantages, researchers in the
weathering field have since a long time been conducting laboratory
exposure studies besides field exposure. Laboratory exposure, also
called artificial exposure, is characterised by a large amount of
control on the degradation conditions and allows for the design of
weathering experiments that include a specific set of desired
degradation factors. Depending on the application of interest, the
number of factors that can influence a material's photodegradation
process can be very large. For the sake of conciseness, only a few
factors that play an important role for most applications will be
discussed here.

As the term “photodegradation” already suggests, irradiance by
(UV) photons is always of importance. The wavelength-dependent
intensity of the irradiation source, generally denoted as the spectral
power distribution (SPD), may influence both the rate and the na-
ture of photodegradation [2]. Its influence on the rate of
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photodegradation is primarily through the absorption properties of
the material: only radiation that is absorbed can cause photo-
degradation. For the same reason, a photon's wavelength de-
termines where this photon is absorbed (via its penetration depth)
and may therefore introduce a thickness-dependency of degrada-
tion, as also discussed in a previous publication [3]. Absorbed
photons with shorter wavelengths have higher energy and there-
fore have higher potential to break chemical bonds and generate
radicals [2]. For very short wavelength radiation (down to
z255 nm), the photons may be able to break bonds that cannot be
broken by any photon present in the terrestrial solar spectrum
(l > 295 nm). Examples of photodegradation processes inwhich the
nature of degradation is altered due to such very short wavelength
radiation [4] and in which it is not affected [5], are both known. An
increase of the intensity of the SPDwithout a change in the spectral
composition is generally believed to only influence the rate of
degradation, but not to distort the weathering chemistry [6]. The
validity of extrapolating very high radiant flux results to in-service
flux levels, based on the principle of reciprocity in polymer pho-
todegradation [7], has not often been shown experimentally and
this issue should thus be approached with care.

The temperature during exposure is of importance for the simple
fact that photodegradation reactions are chemical reactions and the
associated reaction rates are well known to depend on the tem-
perature [1,8]. Next to this general temperaturedependency, there is
another, more specific effect of temperature since we are interested
in polymer coatings with a glass transition temperature of typically
60 �C. Thus, situations of weathering below Tg (e.g., during winter)
as well as close to or above Tg (e.g., a car parked in the sun on a
summer day) are realistic and relevant. Apart from a difference in
molecular mobility and therefore reaction conditions in both situ-
ations, in exposure periods below Tg, degradation is also influenced
by physical ageing, which is the (spontaneous) relaxation process of
the coating material that occurs in its glassy state resulting from its
non-equilibrium state [9]. Physical ageinghas beendemonstrated to
play a role in the weathering process of common coating systems,
for example, by influencing the mechanical properties and the
build-up of stresses in the coating [10,11].

The composition of the atmosphere in which the degrading
material is situated has a large influence on the degradation pro-
cess, for example, via the amount of oxygen it contains. In an aer-
obic atmosphere, polymer photodegradation mainly follows
oxidative pathways, which involve the generation of peroxy radi-
cals due to reactions between oxygen and light-induced radicals in
the polymer. Under anaerobic conditions (e.g., nitrogen atmosphere
or vacuum), the radicals react with other species instead and the
degradation process is often found to be dominated by crosslinking
reactions, as opposed to the photo-oxidative chain-breaking re-
actions that often dominate under aerobic conditions [2]. Similar to
the penetration depth effect of photons, the availability of oxygen at
different coating depths may also add to the thickness-dependency
of photodegradation [12], a process known as diffusion limited
oxidation (DLO) [8]. The importance of oxygen diffusion in the
photodegradation process has been demonstrated in a previous
publication on the simulation of coating degradation [13]. The ox-
ygen permeability of a material is also influenced by degradation
reactions [14] and is therefore, similar to the optical absorptivity
discussed in a previous publication [3], a quantity of which the
change during initial degradation influences degradation at a later
stage. Additionally, the oxygen permeability may be influenced by
physical ageing [15] and by deformation of the coating during
exposure [16].

Finally, the presence of water in either liquid (rain) or gaseous
(humidity) form affects the degradation process of most polymers.
Water has been shown to act as a plasticiser, decreasing both the Tg
and the modulus of a coating, and it may cause hydrolysis of the
(virgin) coating binder and/or of degradation products [17]. Such
processes have been shown to influence the apparent quantum
efficiency of photodegradation [18] and to be responsible for the
hydrolytic generation of UV chromophores that accelerate further
photo-oxidation [19]. Furthermore, water can disrupt the adhesion
of coatings by adsorption at the coating/substrate interface and the
presence of liquid water causes washing of the coating surface,
leading to surface erosion and to extraction of loosely bound or
water-soluble material [17]. This washing effect, together with the
role of water as a hydrolytic agent [20], is largely responsible for the
formation of roughness and/or pits during weathering.

In order to study the influence of the exposure conditions on the
photodegradation process of the polyestereurethane coatings,
three types of exposure experiments with different conditions
were performed. To be able to make a useful comparison between
these experiments, some conditions, most notably the black stan-
dard temperature, are kept constant. Other exposure conditions,
such as the SPD, the degradation atmosphere and the presence of
water, are varied to study their influence on photodegradation.

2. Materials and methods

2.1. Preparation of virgin coatings

Poly(neopentylisophthalate) or PNI (sample kindly provided by
DSM Resins, Zwolle) with a hydroxyl value of 100 (theoretical
molecular mass 1144 g mol�1, degree of polymerisation 4.4) was
dissolved in 1,3-dioxolane at 70 �C. For preparing the UVeVIS
samples, depending on the desired layer thickness, solutions with
polymer concentrations between 20 and 38 m% were prepared.
After cooling down to room temperature, hexamethyldiisocyanu-
rate trimer or HDT (sample kindly provided by Perstorp) was added
to the solution at an NCO:OH ratio of 1.05. For the UVeVIS samples,
substrates of fused silica (CGQ, Chemglass Life Sciences, Bed-
fordshire) were cleaned by UV-ozone treatment (Novascan PSD-
UVT) and coated with the solution by spin coating (Laurell WS-
650SX-6NPP/LITE). For all other characterisation purposes, panels
of aluminium alloy AA3003 (Q-Lab Corporation) were degreased
with acetone, dried with nitrogen gas and coated with the solution
by doctor blade application, using a 160 mm gap height. After
application, coatings were dried and cured in a convection oven at
120 �C for 1 h. The dry coating thickness ranged from 5 to 10 mm for
the UVeVIS samples and was approximately 30 mm for the coatings
on the metal panels. The glass transition temperature of the poly-
estereurethane is 62 �C, as measured with modulated DSC (TA
Q800) using a heating rate of 3 �C/min and amodulation period and
amplitude of 30 s and 0.5 �C, respectively.

2.2. Artificial weathering

One set of samples was exposed in a Ci65AWeather-Ometer, or
WOM (Atlas MTS), for artificial weathering, equipped with xenon
arc lamps and borosilicate inner and outer filters. Exposure was
done at a black standard temperature (BST) of 65 �C and an irra-
diance of approximately 57 Wm�2 (300e400 nm), and with a total
cycle time of 2 h, composed of a 102 min dry cycle at 40e60%
relative humidity (ISO 11341, cycle-A with daylight filters) and an
18 min wet cycle with water spray (ISO 4892-2, cycle 2). The
exposure time of each sample degraded in the WOM is defined by
the moment at which it is removed from the equipment. WOM-
exposed samples were not re-exposed after removal.

Two other sets of samples were exposed in a Suntest XXLþ
(Atlas MTS) for artificial weathering, equipped with xenon arc
lamps and Coated Quartz inner/Daylight outer filters. Two custom
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made exposure cells were installed inside the Suntest to control
atmospheric conditions during exposure. Each cell was made of an
aluminium alloy casing with two gas inlets/outlets, covered with
fused silica windows and sealed by a silicon rubber O-ring. One cell
was continuously purged with dry air (“air-exposed samples”,
water content z1‰) and the other with dry nitrogen (“nitrogen-
exposed samples”, water content <4 vpm). Non-cyclic exposure
was performed at an irradiance set to 48 ± 2Wm�2 (300e400 nm)
as measured by the sensors outside the exposure cells. The cham-
ber temperature (that is, as measured outside the exposure cells)
was set to 30 ± 8 �C. These settings were determined in such a way
that during stationary operation, the resulting BST as measured
inside the exposure cells was approximately equal to 65 �C, which is
equal to the BST from WOM exposure. Outside the exposure cells,
the BST was determined to be 45 �C. All samples inside the cells
were repositioned at regular intervals ofz500 h in order to achieve
a uniform irradiance for each individual sample. During these
exposure stops, the UVeVIS samples were analysed and themass of
the coated metal panels was determined. The UVeVIS samples
were always placed back after analysis. The same holds for the
metal panels, with the exception that at four of these stops, one
panel from each cell was permanently removed for later analyses.
The removed samples were stored in a freezer at �18 �C during the
time between removal and performing the later analyses.

2.3. Water soak

Selected coating samples that had been degraded in the Suntest
(dry conditions) were soaked in distilled water, inside an oven at a
temperature of 65 �C for about three days. After soaking, all sam-
ples were dried in a convection oven at 80 �C for three hours.

2.4. Nanoindentation

Nanoindentation measurements were performed with a Nano-
indenter XP (MTS Nano Instruments, Oak Ridge, U.S.A.) equipped
with a diamond Berkovich indenter. The following sensitivity set-
tings were used: thermal drift rate below 0.5 nm/s, surface
approach distance 1000 nm, surface approach velocity 20 nm/s.
Indentations at the coating surface were performed by loading the
sample at up to 5 mN in 30 s (constant load rate), holding the
maximum load for 30 s and completely unloading the sample at the
same rate used for loading. For each sample, 20 indentations were
made at different positions across the surface.

All loadedisplacement curves were analysed using the
OliverePharr method [21,22]. The material constants used for the
calibrated diamond indenter are Ei ¼ 1.141 TPa and ni ¼ 0.07. For the
coating, a Poisson's ratio of 0.36, as was determined from simula-
tions [23], was used. For the determination of the averages
and confidence intervals of all quantities resulting from the
OliverePharr analysis, only those values resulting from a proper
loading curve have been included (that is, all forceedisplacement
curves have been visually assessed). Abnormal behaviour during
loading leads to deviant values of the resulting mechanical prop-
erties determined from the unloading curve. These values are
therefore considered as artefacts and are excluded from further
analyses.

2.5. Other characterisation methods

UVeVIS transmission spectroscopy and infrared microscopy
measurements were performed according to the methods
described in a previous publication [3]. The methods for the
preparation of depth profiles throughout the coating thickness,
optical profilometry and data analysis are described in the same
reference. Coating gloss values were determined with a Micro-Tri-
Gloss 20/60/85� gloss meter (BYK Gardner). Six measurements at
different positions on the surfacewere averaged. Surface roughness
values were determined using a mSurf confocal optical profilometer
(NanoFocus). Prior to measurement, samples were coated with a
10 nm thick layer of gold using an Emitech K575X sputter coater.
This gold layer aims at suppressing reflections from the substrate-
coating interface and enhancing the surface reflectivity.

3. Results and discussion

3.1. Spectral power distributions and UVeVIS spectroscopy

The spectral power distribution of the Suntest (inside the
exposure cells), together with the SPD of the Weather-Ometer, the
Florida solar spectrum and the absorptivity spectrum of the virgin
polyestereurethane, are shown in Fig. 1. Compared to WOM irra-
diance, the Suntest SPD does not include wavelengths below
z295 nm and contains less power in an overall sense. The Suntest
irradiance was set to a relatively low power level (48 W m�2 be-
tween 300 and 400 nm) in order to prevent the black standard
temperature inside the cells to exceed 65 �C. As a consequence,
below z330 nm, the Suntest SPD even contains less power than
the Florida solar spectrum. This Suntest exposure experiment can
therefore barely be considered as accelerated weathering, except
that the samples are exposed 24 h per day. From Fig. 1b, it can
clearly be seen that the initial overlap between irradiance and ab-
sorptivity is much smaller for Suntest exposure as compared to
WOM exposure. Therefore it is expected that the degradation rates
during Suntest exposure will be much smaller as well.

The optical properties of the Suntest-exposed coatings were
characterised by performing UVeVIS transmission spectroscopy
measurements on two sets of samples of varying exposure time and
initial coating thickness (ranging from 5 to 10 mm). One set of
samples was exposed in air atmosphere, the other set in nitrogen
atmosphere. The coating thicknesses of samples in the air-exposed
set slowly decreased during exposure, at a continuously increasing
rate. At the largest exposure time (7670 h), the thickness had
decreased by approximately 400 nm on average, which is compa-
rable to the thickness change after 2100 h of WOM exposure
(380 nm) [3]. The thickness of the nitrogen-exposed samples did
not change significantly during exposure. What did change, is the
colour of these samples. The air-exposed samples remained col-
ourless, whereas the nitrogen-exposed samples became increas-
ingly more yellow as exposure proceeded.

At each exposure time at which the UVeVIS spectra of the two
sample sets were determined, the absorptivity spectrum [A(l)/d]
was calculated. Contrary to what was observed for WOM exposure,
the ratio [A(l)/d] in the 255e280 nmwavelength region, where the
BeereLambert law was found to be obeyed best [3], did not show
any thickness dependence and so, BeereLambert behaviour was
maintained for all the samples during the whole exposure experi-
ment. This difference is caused by the absence of short wavelength
radiation in the Suntest SPD and thus the absence of shallowly
absorbing radiation. The evolution of the absorptivity spectrum
a(l,texp) could thus simply be determined by averaging the spectra
[A(l)/d] obtained at each exposure time and no special analysis like
the two-layer model from a previous publication is required [3].
The evolution of the coating absorptivity is shown in Fig. 2.

Firstly, the air-exposed and nitrogen-exposed samples evolve
rather differently, as can be seen from a comparison between Fig. 2a
and b.Within the investigated time span, the absorptivity of the air-
exposed coatings changes quite a bit faster than that of the
nitrogen-exposed coatings. Some characteristic changes of the air-
exposed samples, such as a decrease of the carbonyl n/p*



Fig. 1. Spectral power distributions with a) the SPD's of the Weather-Ometer (red, experimental spectrum obtained from Atlas MTS), the Suntest (green, experimental spectrum
determined using a calibrated spectrophotometer) and Florida sunlight (black, spectrum obtained from Atlas MTS) and b) a magnification of the SPD's inside the black rectangle of
a), together with the virgin coating absorptivity spectrum (blue line, right vertical axis). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 2. Time evolution of the coating absorptivity a(l) during Suntest exposure in a) air and b) nitrogen. The arrows indicate the directions of change with time. The black lines are
drawn to guide the eye. In c), a magnification of the tail formation at wavelengths between 300 and 350 nm for air-exposed (solid lines) and nitrogen-exposed (dashed lines)
samples is shown. In d), another such magnification of the tail between 350 and 500 nm is shown. The colours in c and d correspond to the exposure times from a and b. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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transition at 289.2 nm and a rise of the valley at 286 nm, in between
the two n/p* transitions, do not occur with the nitrogen-exposed
samples.

Another important difference can be seen from Fig. 2c, in which
amagnification of the absorption tail above 300 nm is shown. In the
early stage of degradation, the air-exposed samples show a fast
increase of the absorptivity in the initial part of the tail, around a
wavelength of z310 nm, similar to what had been observed for
WOM-exposed samples [3]. Also for the nitrogen-exposed samples,
the absorptivity above 300 nm increases, but in the initial part of
the tail, this increase is slower than that of the air-exposed samples.
At wavelengths above z325 nm, however, the absorptivity of the
nitrogen-exposed samples increases faster as compared to the air-
exposed samples and the absorption tail extends much further, all
the way into the range of visible light, as can be seen from Fig. 2d.
This information is in agreement with the observation that the
nitrogen-exposed coatings show extensive yellowing, whereas the
air-exposed coatings do not. Yellowing during degradation under
anaerobic conditions is commonly observed and is attributed to the
formation of a conjugated systemwithin the polymer that does not
take place under oxidative conditions [2]. Considering the aromatic
character of the polyester in the coating, one canwell imagine how
the formation of a conjugated system by aromatic crosslinking re-
actions results in the presence of chromophores that absorb a part
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of the visible light spectrum.

3.2. FTIR-ATR microscopy

The chemical composition of Suntest-exposed coatings was
characterised as a function of depth (“depth gradients”) by per-
forming infrared microscopy line scans on samples with a depth
profile introduced by sanding. One virgin (reference) coating and
eight weathered coatings (four air-exposed, four nitrogen-exposed)
were prepared in this way and measured. After that, a surface
height mapping of the sanded coatings was obtained from optical
profilometry along the line of the ATR recordings, after which the
depth-resolved chemical composition could be obtained. The evo-
lution of the depth-resolved peak areas of some relevant vibrations
(details on the measurement and normalisation procedure can be
found in a previous publication [3]) are shown as smoothed curves
Fig. 3. Normalised peak area gradients of six identified IR vibrations (aef) as a function of coa
Different colours represent samples with different exposure times (exposure time increases
nitrogen-exposed samples in the upper 15 mm of the coating. (For interpretation of the refe
article.)
in Fig. 3, for both exposure in air and in nitrogen.
Looking first at the results for air-exposed coatings, it can be

seen that the concentration of several chemical species evolves via
gradients in depth. However, these gradients are less pronounced
than those observed for WOM-exposed samples (Fig. 13 from a
previous publication [3]). Especially for the vibrations related to
ester bonds (such as 726 and 1228 cm�1), the difference between
the surface and the bulk levels is much smaller. This observation is
in agreement with the homogenous evolution of the optical prop-
erties as discussed in the previous section and has the same origin
as well: the absence of radiation below 295 nm in the Suntest SPD
and hence a more uniform photon absorption throughout the
coating thickness. Overall, all degradation rates determined for the
Suntest-exposed samples are significantly lower as compared to
the WOM-exposed samples. This difference could already be ex-
pected from the difference between the overlap of the SPD and the
ting depth, for Suntest-exposed coatings in air (solid lines) and nitrogen (dashed lines).
along the arrows). The insets in panels aed are magnifications of the gradients in the
rences to colour in this figure legend, the reader is referred to the web version of this
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coating absorptivity spectrum for both exposure conditions, as
shown in Fig. 1b.

The degradation rates in the Suntest were also observed not to
remain constant (as was the case for the WOM-exposed samples),
but to increase with progressive exposure: the surface concentra-
tions of several vibrations were observed to approximately follow a
parabolic curve as a function of exposure time. This type of auto-
acceleration is consistent with the calculation of the rate of ester
bond breakage when a photolytic scission mechanism is assumed
for this reaction, hence denoted as the (scaled) rate of scission
r0sci lð Þ� �

, according to the kinetic model proposed in a previous
publication [3]. In the case of WOM exposure, this rate was
observed to be constant when an integration limit of 334 nm was
applied. In the case of Suntest-exposure, however, the scaled rate of
scission keeps increasing continuously with progressive exposure.

Compared to the air-exposed samples, the chemical composi-
tion of the nitrogen-exposed samples in Fig. 3 evolves in a quite
different way. Degradation rates for the nitrogen-exposed samples
are smaller, with the largest difference observed for the urethane-
related vibration (Fig. 3e). This large difference confirms the val-
idity of the assumption that urethane breakage under aerobic
conditions follows a mainly photo-oxidative pathway which is
severely slowed down for the nitrogen-exposed samples. The
reason that the urethane vibration drops at all may be related to the
fact that a limited amount of oxygen is available to the nitrogen-
exposed coatings, for example, due to oxygen present in the ni-
trogen flow (according to specifications, in the vpm range) or due to
contact with ambient air during exposure stops andmeasurements.
Based on these results, though, it cannot be proven that all of the
broken urethane bonds in the coating are broken via photo-
oxidation (this topic will be briefly revisited at the end of this
section). A similar difference between air-exposed and nitrogen-
exposed coatings is observed for the carbonyl band (Fig. 3f), as
the increase of this vibration is largely related to the incorporation
of oxygen into the polymer via oxidation reactions. This idea is
supported by the evolution of the mass change of the coatings, as
shown in Fig. 4.

The air-exposed samples gain significantly more mass as
compared to the nitrogen-exposed samples, which even reach a
mass smaller than their initial value during the late stage of
exposure. Because the thickness of the air-exposed coatings slightly
decreased during exposure [3], the mass increase suggests that
Fig. 4. Evolution of the coating mass change during exposure in Suntest-air (solid line)
and Suntest-nitrogen (dashed line). A change of 2.7 mg corresponds to approximately
1% of the virgin coating mass.
these samples experience a slight densification.
Similar to the air-exposed samples, the chemical composition of

the nitrogen-exposed samples in Fig. 3 also evolves via relatively
flat depth gradients. However, the shape of those gradients in the
approximately top 5 mm of the coatings looks puzzling, because the
surface concentration seems to be higher as compared to the
concentration at 5 mm depth. Deeper inside the coating, most
gradients have the normal shape again, that is, from low to high
concentration. Degradation at the surface thus seems to be
inhibited, which is confirmed by the appearance of the individual
FTIR-spectra recorded at the exposed surfaces. A possible expla-
nation could be that, since small moieties could segregate to the
surface, segregated components might influence the degradation
behaviour. However, the depth gradients for all the analysed IR
bands of the virgin coatings, shown in Fig. 3 (black lines), are
practically flat, also in the upper few micrometres. Hence we
conclude that segregation does not play a major role.

Although the nitrogen gas used contains only a few vpm of
oxygen, inhibition of degradation at the surface could also be
related to the low oxygen concentration to which the surface is
continuously exposed and which could result in experiencing a
low-aerobic condition at the surface. For WOM degradation, which
is also a type of aerobic degradation, it was observed that in the
initial stage of weathering, the concentrations as determined by IR
spectroscopy did not change significantly [3]. Such a kind of in-
duction period could be caused by the fact that first a certain
amount of degradation products (such as hydroperoxides) has to be
formed before significant degradation rates are obtained. During
WOM exposure, this induction period only took a few hundred
hours, but one can imagine that if the supply of oxygen is very low
(as is the case for the nitrogen-exposed surface), this ‘aerobic in-
duction period’may take much longer, perhaps thousands of hours.
This explanation assumes, though, that the penetration depth of
oxygen is very small for the nitrogen-exposed coatings and there-
fore cannot explain the finite amount of degradation in the bulk via
oxidative pathways (otherwise, the bulk would experience this
same aerobic induction period and no significant degradation
would occur). Perhaps there is another, truly anaerobic degradation
pathway that causes degradation in the bulk and which is sup-
pressed under (low-)aerobic conditions. The chemical details of
such a hypothetical pathway, which also has to contain an anaer-
obic mechanism for urethane bond breakage, are not clear.

3.3. Mechanical properties of the surface studied by
nanoindentation

The effect of degradation on the surface mechanical properties
of coatings was quantified by performing load-controlled nano-
indentations at the surface. Indentations were carried out at a
predefined (un)loading rate and maximum load. As an example,
five representative loadedisplacement curves, of a virgin sample
and of four samples exposed in Suntest-air conditions, are shown in
Fig. 5. The values of mechanical quantities were obtained via Oli-
verePharr analysis [21,22] of the indentation curves. In Fig. 6, the
time evolution of the Young's modulus (E, panel a) and the hard-
ness (H, panel b) of all coating samples is shown.

The trends for both quantities of Fig. 6 are very similar: in aer-
obic conditions, both the modulus and the hardness increase
continuously with exposure time, whereas in anaerobic conditions,
the change cannot be called significant. Please note that for the
Suntest-air series, the evolution of E and Hmatches with the visual
interpretation of the indentation curves from Fig. 5: the decreasing
contact depth (shift of the unloading curves towards the left) ac-
counts for both the hardness increase and the increase of the
Young's modulus (considering that S does not change much).



Fig. 5. Five representative loadedisplacement curves for the Suntest-air exposed
samples. Exposure time increases in the direction of the arrows. The insets indicate the
minute change in stiffness (S) due to exposure.
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The results were obtained at room temperature and are very
different from those above the glass transition temperature, for
which it was shown by DMA measurements that the Young's
modulus decreases significantly during aerobic exposure [24]. Both
an increase and a decrease of the Young's modulus with degrada-
tion has been reported for the rubbery state, and derived from that,
the same changes of the crosslink density [24e27]. The predomi-
nance of either scission or recombination reactions to explain a
decrease or an increase of the crosslink density, respectively, has
also been proposed as a rationalisation for the stiffness change in
the glassy state [28]. However, other authors describe the same
situation as observed here, that is, an increasing modulus below Tg,
while the crosslink density was seen to decrease [29,30]. The
changes of the measured mechanical properties could be related to
a shift of Tg, even in the glassy state, as the temperature difference
between the (constant) measurement temperature and Tg changes
in that situation. The changes of Tg for the degraded poly-
estereurethane samples, however, are very small (these data will
be reported in a future publication) and it is thus unlikely that such
large changes in the mechanical properties, as shown in Fig. 6, are
caused by a shift of the glass transition temperature.

The most probable explanation for the increasing modulus
observed here is related to oxidation. Oxidation reactions lead to
the incorporation of oxygen-containing functional groups into the
Fig. 6. Time evolution of a) the surface Young's modulus and b) the surface hardness durin
dashed line). (For interpretation of the references to colour in this figure legend, the reade
polymer structure. One could imagine how the incorporation of, for
example, carbonyl groups along the polymer backbone leads to the
stiffening of a chain. In addition, photo-oxidation is known to in-
crease the polarity of a polymer by the generation of polar groups
[26]. These polar groups increase the possibility for hydrogen
bonding to occur within the polymer, which can also account for
the increased elastic modulus. This explanation is supported by the
results from Gu et al., who observed a good consistency between
the distribution of oxidised products in the depth of a coating and
the spatial variation in the modulus [30]. Obviously, the practically
unchanged modulus as observed for the Suntest-nitrogen experi-
ment is explained by the same reasoning as well.

An increase in the hardness due to photodegradation is a very
common observation that is usually attributed to densification of
the polymer [27,31,32]. Although the crosslink density of the photo-
oxidised material here does not increase, an increase in the density
is actually quite probable, keeping in mind the observations that (i)
the mass of coatings increases during aerobic exposure (Fig. 4) and
(ii) the coating thickness decreases.

3.4. Correlations between spectroscopic data from different
conditions

From the results discussed so far, it is clear that different
exposure conditions lead to differences in degradation behaviour.
However, it is also interesting to study whether any similarities can
be discovered between samples that degrade under different
exposure conditions. In Fig. 7, the correlations between three
infrared vibrations are visualised for the three different exposure
conditions (WOM, Suntest-air and Suntest-nitrogen), by plotting
the amount bywhich the normalised peak area of the one vibration
has decreased as a function of the amount by which the other one
has decreased, a manner of comparing infrared spectra which is
commonly applied inweathering research. In this way, the different
exposure conditions can be compared without explicitly taking the
differences in exposure times/dose rates into account. For theWOM
and Suntest-air data, the normalised peak area values at the coating
surface were used. For the Suntest-nitrogen data, the minimum
values at approximately 5 mm depth have been used, in order to
circumvent the abnormal surface behaviour that has been dis-
cussed in Section 3.2.

From Fig. 7a, a very similar correlation between 726 and
1228 cm�1 is observed for all three exposure conditions. This
indeed demonstrates that these two vibrations largely reflect the
change of the same chemical moiety, that is, the ester group.

Fig. 7b relates the breakage of ester bonds (726 cm�1) to the
breakage of urethane bonds (1520 cm�1). Relative to the amount of
g exposure in WOM (black line), Suntest-air (red solid line) and Suntest-nitrogen (red
r is referred to the web version of this article.)



Fig. 7. Correlations between the changes in different FTIR vibrations for coatings exposed in the WOM (black dots) and in the Suntest in air atmosphere (red solid dots) and nitrogen
atmosphere (red half-open dots). The binary correlations between a) 726 and 1228 cm�1, b) 726 and 1520 cm�1 and c) 1134 and 1520 cm�1 are shown. The horizontal error bars are
added to the measured data points in b) in order to indicate the significance of the difference between the curves for WOM and Suntest-air. Vertical error bars for the same data
have been omitted because they are negligibly small (0.5e1%) in comparison with the vertical scale. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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broken ester bonds, the largest number of broken urethane bonds is
observed for Suntest-air exposure, followed byWOM exposure and
lastly Suntest nitrogen exposure, in which the smallest fraction of
urethane bonds is broken. The last observation can be simply
explained by the low oxygen concentration present in the Suntest-
nitrogen experiment. The reason that the curve for Suntest-air
exposure lies above the curve for WOM exposure is most likely a
matter of competing rates. After the initial stage of weathering,
radicals are mainly generated via two mechanisms: the photolytic
scission of ester bonds and the auto-accelerative oxidation re-
actions. Radicals resulting from either of these two processes can
eventually lead to the oxidative breakage of urethane bonds. The
rate of radical generation due to photolysis is significantly higher
forWOM exposure as for Suntest-air exposure and therefore for the
WOM, a larger fraction of the radicals responsible for urethane
bond breakage is generated by photolysis as compared to the
Suntest, which explains the smaller ratio urethane/ester bond
breakage in the WOM.

In Fig. 7c, the 1520 cm�1 signal is correlated to the vibration at
1134 cm�1. A remarkable similarity between WOM and Suntest-air
exposure is seen for these two bands. The reason for this correlation
is not quite clear, as the origin of the 1134 cm�1 band is mainly
attributed to an ester-type of vibration, although a close correlation
with any of the other two ester-bands (726 and 1228 cm�1), like the
one shown in Fig. 7a, was not obtained.

A second type of spectroscopic correlation that is interesting to
study, is the one between FTIR and UVeVIS results. Since the
chemical changes and the optical changes during weathering
mutually influence each other, perhaps the absorptivity changes
can be quantitatively correlated to changes in the chemistry as
obtained from the FTIR measurements. In Fig. 8, the absorptivity
change at different UV wavelengths is plotted as a function of the
fraction of broken ester bonds (based on the 1228 cm�1 band).

Fig. 8a represents the change in the absorptivity at 265 nm, in
the wavelength regime for which the BeereLambert law was found
to be obeyed best in the UVeVIS measurements [3]. An excellent
correlation between the two different Suntest exposure conditions
exists, but there is only little correspondence with WOM exposure.

In Fig. 8b, the correlation of the 1228 cm�1 band with the ab-
sorptivity at 289 nm, corresponding to one of the n/p* transitions
of the IPA carbonyl groups, is shown. For WOM and Suntest-air
exposure, this n/p* peak shrinks with time and a similar corre-
lation exists for both conditions, up until the point at which 20% of
the ester bonds have disappeared.

Finally, Fig. 8c provides information on how the 1228 cm�1 band
correlates to the absorptivity at 310 nm, which corresponds to the
initial part of the absorption tail that forms for l > 300 nm. A good
correlation for the full range of degraded states is obtained between
WOM and Suntest-air exposure, that is, under aerobic conditions.
For Suntest-nitrogen exposure, the curve deviates towards higher
values of the absorptivity change after approximately 10% of ester
bond breakage. This deviation is due to the influence of the ab-
sorptivity tail related to the yellow chromophores (Fig. 2c) and can
be explained by the larger contribution of aromatic crosslinking
reactions under anaerobic conditions.
3.5. Correlations between spectroscopic data and surface
mechanical properties

Similarly to the correlation study from the previous section,



Fig. 8. Correlations between the fraction of broken ester bonds (1228 cm�1 vibration) and the change in the absorptivity at a) 265 nm, b) 289.2 nm and c) 310 nm, for coatings
exposed in the WOM (black dots) and in the Suntest in air atmosphere (red solid dots) and nitrogen atmosphere (red half-open dots). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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correlations between the FTIR spectroscopy data and the surface
mechanical properties obtained from nanoindentation were stud-
ied, in order to determine whether any similarities exist between
samples that degrade under different exposure conditions. In Fig. 9,
three of such correlations are shown.

As could be expected from Section 3.3, the minute changes that
take place during anaerobic exposure do not match well to the
correlations obtained for the aerobic exposure conditions. Between
the two aerobic conditions, though, some similarity can indeed be
discovered. During the initial stage of degradation, a similar cor-
relation exists between the breakage of ester bonds and the in-
crease of the Young's modulus (Fig. 9a). Similarly, the correlation
between the increase of the hardness and the breakage of urethane
bonds also matches well (Fig. 9b). In addition, both these correla-
tions start to show deviations at the same point, that is, after the
fourth data point in theWOM-curve (which corresponds to aWOM
exposure time of 1380 h).

In Fig. 9c, the changes in E and H are compared directly. This
graph looks very similar to Fig. 7b, in which the fraction of ester
bonds brokenwas related to the fraction of urethane bonds broken.
The similarity between these graphs is consistent with the concept
of a relation between ester bond breakage and modulus increase
and between urethane bond breakage and hardness increase. The
correlation between urethane bond breakage and hardness in-
crease has been suggested earlier for an acryliceurethane clearcoat
[31].
1 Gloss is quantified in Gloss Units (GU). A highly polished black glass calibration
standard with a defined refractive index has a specular reflectance of 100 GU at the
specified gloss angle. The lower end of the scale (0 GU) represents a perfectly matte
surface. If the refractive index of the sample material is larger than that of the
calibration standard, a gloss value above 100 GU can be obtained.
3.6. Coating appearance during photodegradation

Because the coating material that is studied in this work is
typically applied as a high-gloss top coating, the coating
appearance during the weathering process is obviously an impor-
tant factor to consider. The photo-compilation in Fig. 10 gives an
overview of the appearance of the coated metal panels before
exposure and after different exposure times.

The two clearest differences in appearance between the three
exposure methods are the diminishment of the glossy appearance
at the final stage of WOM exposure, while gloss is retained during
Suntest exposure, and the progressive yellowing that only takes
place for the Suntest-nitrogen samples. In Fig. 11, the evolution of
the gloss, as determined from quantitative gloss measurements,1 is
shown for all three exposure conditions.

The trend in measured gloss values corresponds very well to the
qualitative observations based on Fig. 10. For WOM exposure, the
gloss values remain fairly constant up to about 3000 h of exposure
and then start to drop rapidly. Especially the 20� gloss, which is the
usual criterion for judging the appearance of high-gloss surfaces,
displays the rapid decrease in gloss very sensitively. In both cases of
Suntest exposure, the gloss remains practically unchanged for the
whole regime of tested exposure times.
3.7. The role of water in polyestereurethane photodegradation

From the results presented so far, one may conclude that there
are many similarities in the evolution of coatings that result from
the two aerobic exposure experiments (WOM and Suntest-air). The



Fig. 9. Correlations between the changes in FTIR vibrations and the changes in surface mechanical properties for coatings exposed in the WOM (black dots) and in the Suntest in air
atmosphere (red solid dots) and nitrogen atmosphere (red half-open dots). The binary correlations between a) 726 cm�1 and DE, b) 1520 cm�1 and DH and c) DE and DH are shown.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Overview of the appearance of the coated metal panels after exposure in WOM
(top, triplicates) and Suntest (bottom, single samples). The inset emphasises the
perception of surface gloss for the Suntest samples, by showing the image of a lumi-
nescent tube that is reflected from the coating surface.

Fig. 11. Evolution of the surface gloss during exposure for WOM (solid symbols, solid
line), Suntest-air (half-open symbols, dashed line) and Suntest-nitrogen (open sym-
bols, dotted line). Gloss values are shown for measurement angles of 20� (black), 60�

(red) and 85� (blue). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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main difference that has been established, is the evolution of the
gloss, as discussed in the previous section. This difference may be
related to the presence of water during exposure (see, for example,
Misovski et al. [33]): in the Suntest, a coating is continuously
subjected to a dry gas flow, while in the WOM, water (liquid or
gaseous) is present. In order to study this issue, the Suntest-
exposed samples have been soaked in water at 65 �C for a few
days. A comparison between these soaked samples and their non-
soaked counterparts can provide some insight into the role of water
in the photodegradation process.

Firstly, surface-ATR spectra were recorded for the soaked
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samples and compared to those of the non-soaked ones. For both
the Suntest-air and Suntest-nitrogen samples, only small differ-
ences of typically a few percent could be observed for most FTIR
bands. For the ester band at 1228 cm�1, a slightly larger reduction
by approximately 8%was found. In the case of the carbonyl band for
Suntest-air exposure, a reduction as large as 20% was found for the
largest exposure time, which hints at the extraction of (hydrolysed)
degradation products from the material. Overall, the water soak did
not significantly influence the chemical composition of the surface
of the coatings.

After the water soak, it could be seen by eye that the gloss of the
coatings had been largely diminished. Because gloss loss is gener-
ally associated with an increase of the surface roughness, the
roughness of the available samples was characterised by confocal
microscopy. Fig. 12 shows the average surface roughness as a
function of exposure time for the WOM-exposed samples and for
the Suntest-exposed samples before and after soaking.

Water soaking caused a clear increase in the surface roughness
for five of the eight samples (for the two largest exposure times for
Suntest-nitrogen and the three largest exposure times for Suntest-
air). The roughness of the Suntest-nitrogen samples is increased to
a level similar to that of the most degraded sample from WOM
exposure, largely reducing their gloss (visual assessment). The two
most degraded Suntest-air samples even reached the regime of
micrometre roughness after soaking, causing them to completely
lose their gloss.

The surface topography resulting from the water soaking has
been visualised with an optical microscope and the resulting im-
ages are shown in Fig.13 (before imaging, a reflective gold layer was
sputtered on top of each sample). The insets show the same areas,
but recorded with a focus that is slightly off the actual surface, as
this emphasises the shallow features than cannot be distinguished
in the in-focus image.

The different regimes of the surface roughness that are shown in
Fig. 12 can also be clearly recognised in Fig. 13 (high-gloss surfaces
a, A and B; low-gloss surfaces C and D;matte surfaces b, c and d). Up
until an exposure time of about 4700 h (panels b/B), the lateral size
of the surface pits is comparable for all soaked samples, roughly
100e200 mm. The depth of the pits is the smallest in panel A
(100e250 nm), followed by panels B and a (200e500 nm) and is
significantly larger for panel b (2e5 mm), which is in agreement
Fig. 12. Evolution of the average surface roughness during exposure for WOM (black
curve), Suntest-air (red solid curve) and Suntest-nitrogen (red dashed curve) and after
the water soak (blue solid curve for Suntest-air, blue dashed curve for Suntest-
nitrogen). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
with the visualisation in Fig. 13. In the nitrogen-exposed samples,
the depth of the pits that form due to the water soak is smaller than
1 mm for the full investigated time span, whereas in the air-exposed
samples, significantly deeper pits that result into a topographywith
micrometre roughness, are formed.

The most apparent effect of water in the photodegradation
process that can be understood from this study is that it leads to the
removal of degraded material (fragments of coating were observed
in the soaking water), which results in an increase of the surface
roughness and consequently a decrease in gloss. Apparently, the
degradation process itself introduces lateral inhomogeneity which
is subsequently ‘translated’ into a topography after water exposure.
This role of water in the degradation process has been reported
before [34] andwas also concluded from another study on the same
polyestereurethane samples as discussed in this work, but studied
on a much smaller lateral length scale (z10 mm), using Atomic
Force Microscopy measurements [35]. The “crater-shaped” pin-
holes that were found on this small length scale are most likely the
underlying cause for the large-scale surface roughness that has
been reported here.

4. Conclusions

The influence of the exposure conditions on the photo-
degradation process of polyestereurethane coatings has been
studied by conducting exposure experiments in Weather-Ometer
and Suntest equipment. The Suntest exposure experiment
differed from the WOM experiment mainly by a lower irradiance,
the absence of short wavelength radiation, different atmospheres
(air and nitrogen) and the absence of water.

The optical absorptivity spectrum during Suntest exposure, as
determined for thin coatings (d < 10 mm), changed homogeneously
throughout the coating thickness which is in contrast with WOM
exposure, for which a dependence on the absolute coating thick-
ness had been obtained earlier [3]. Similarly, the chemical depth
gradients determined for the Suntest-exposed samples did not
show such large slopes in the first 6e10 mm below the coating
surface, as was the case for WOM exposure [3]. Both these differ-
ences are related to the absence of short wavelength radiation in
the spectral power distribution of the Suntest, which results in a
more homogeneous absorption of radiation throughout the coating
thickness and therefore a less pronounced depth-inhomogeneity.

The difference between coating degradation in air and in ni-
trogen atmosphere is expressed in many ways. The changes in the
absorptivity of air-exposed and nitrogen-exposed samples differs
most clearly in the development of the absorption tail above
300 nm wavelength. Under aerobic conditions, an absorption tail
grows quickly at wavelengths around 310 nm, but this tail is not
very extended. Under anaerobic conditions, an absorption tail is
formed that extends all the way into the visible and surpasses the
aerobic tail at the late stage of degradation. This difference is in
agreement with the observation that only the nitrogen-exposed
coatings become progressively more yellow, an effect that is
attributed to the formation of conjugated chromophores under
anaerobic conditions.

The infrared microscopy results showed similar differences be-
tween the air-exposed and nitrogen-exposed coatings, with faster
urethane bond breakage in air as the most pronounced difference.
Aerobic degradation also results into a slight densification of the
material due to the incorporation of oxygen into the coating, as
could be derived from the carbonyl band from infrared microscopy
and from the fact that the mass of the air-exposed coatings in-
creases while the thickness (slightly) decreases. For the nitrogen-
exposed coatings, neither of these effects occurred to a significant
extent.



Fig. 13. Optical micrographs of the Suntest-exposed samples after the water soak, for Suntest-air (left column; aed) and Suntest-nitrogen (right column AeD). The exposure time
for each row is the same and increases from top to bottom (3290, 4670, 6450 and 7670 h). The size bars shown apply to all panels.
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Nanoindentation at the surface of virgin and degraded coatings
revealed that the Young's modulus and the hardness increase
continuously during exposure under aerobic conditions, whereas
no significant changes occurred during exposure under anaerobic
conditions. The most probable cause for the increase in the
modulus is the occurrence of oxidation reactions that lead to a
stiffening of polymer chains and generate additional hydrogen
bonding interactions in the coating. The hardness increase could
result from densification of the network during exposure.

Irrespective of the differences in degradation rates and condi-
tions of all three exposure experiments, several time-independent
correlations between the chemical, optical and mechanical
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properties of coatings from different exposure experiments could
be established. Especially between the two aerobic experiments
(WOM and Suntest-air), good correlations for a large range of
degradation extent were obtained between two different ester vi-
brations (726 and 1228 cm�1), between the 1134 and the
1520 cm�1 (urethane) vibrations and between the 1228 cm�1

(ester) vibration and the absorptivity tail at 310 nm. The relation
between ester and urethane bond breakage (e.g., 1228 cm�1 and
1520 cm�1) is rather specific for each exposure experiment, which
can be understood from the fact that the balance between
photolysis and oxidation rates is influenced by the dose rate of the
experiment. During the initial phase of aerobic degradation, the
increase of the modulus correlates well to the breakage of ester
bonds and the increase of the hardness to the breakage of urethane
bonds. These observations also suggest that the balance between
photolysis and photo-oxidation is one of the factors that de-
termines the balance between hardness change and modulus
change.

The appearance of the coatings in terms of gloss and the related
surface roughness was rather different for WOM exposure as
compared to both types of Suntest exposure. The late stage ofWOM
exposure is characterised by a loss of gloss due to an increasing
surface roughness, whereas the gloss did not change during Suntest
exposure. A water soak experiment with the Suntest-exposed
samples clearly shows that water plays an essential role with
respect to the surface properties, as the surface roughness for both
air- and nitrogen-exposed coatings increased tremendously due to
the water soak. Surface infrared measurements on the soaked
samples showed that the chemical composition is not significantly
altered by the water soak. This indicates that the effect of water
exposure is mainly of a physical nature, that is, degraded coating
fragments are removed, which results in an increase of the
roughness and consequently the loss of gloss.
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