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a b s t r a c t

This paper is devoted to the surface analysis of a polyester-urethane coating during weathering under
different conditions using artificial weathering machines. By means of atomic force microscopy (AFM),
the evolution of the surface topology of the coatings is studied. Degradation is shown to be a laterally
inhomogeneous process. The presence of water facilitates material removal and leads to an increase in
the surface roughness and consequently a gloss loss. In addition, by comparing degradation under aer-
obic and anaerobic conditions, it is shown that oxidation reactions are the main cause of lateral inho-
mogeneous degradation of coatings.

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

Polymeric coatings are designed for different demands and,
accordingly, have to fulfill different requirements. Among these,
clearcoats, the external layers of automotive coatings, are designed
to be resistant against environmental stress factors, i.e., UV radia-
tion, oxygen, elevated temperature and water [1]. Therefore, the
resistance of these coatings to weatherability is a key factor in their
design.

A great deal of effort is devoted, in the first place, to find out a
standard measure of the failure point [2e6] - when the service life
ends e and second, to predict the service life time of different
clearcoats [3,5,7e11]. There are mainly two approaches to predict
the service life time of a clearcoat: chemical and physical ap-
proaches. In general, chemical changes appear prior to the change
in the physical properties of the clearcoats as a result of weathering
[7]. Therefore, in order to obtain an early signal from the weath-
ering of the clearcoats, the chemical approach is preferred.
22
However, manufacturers and consumers are interested in a service
life time defined by the physical properties, such as gloss loss,
delamination and crack formation [5].

Clearcoats are designed to preserve their functionalities for a
long time: a typical clearcoat has a service life of at least 10 years.
Therefore, a set of prolonged experiments is needed to study the
weathering processes for a clearcoat. This is the first (main) chal-
lenge for scientists in this field. To tackle this problem, instead of
weathering these coating under outdoor conditions, faster, artificial
degradation setups, which are designed to mimic outdoor condi-
tions with higher intensity of the stress factors are used. However,
common experience shows that clearcoat degradation pathways
might change by small changes in weathering conditions [12], e.g.,
a slightly different spectrum of photon wavelengths. Accordingly,
an enormous number of publications deals with improving the
artificial conditions to obtain the result closest to the outdoor
weathering [8,10,13].

Understanding how the physical properties of a coating change
during weathering is of great importance for predicting its service
life time [14]. Moreover, how the physical changes are linked to the
chemical evolution of the coating as a result of weathering is of
particular interest to the scientists in the field [15e18]. Therefore, in
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previous papers [19,20] we studied chemical and physical changes
of a clearcoat of interest under different weathering conditions. In
addition, by correlating the changes in the physical properties to
the chemical evolution of the coating as a result of weathering, we
have increased the insight into the mechanisms of degradation of
such a coating. However, in those papers, one of the most desired
functions of the topcoats, that is, the ability to maintain its gloss
during service life [21], was not discussed. The loss of gloss is
resulting from an increase in surface roughness, which is due to the
lateral inhomogeneity of degradation processes, such as material
removal from the surface of the coating by the action of water [4].

While having all the weathering stress factors applied to the
coating at the same time might give a fair overview about the trend
of the overall changes of the coating, more insight is created if these
stress factors are applied in controlled, decoupled and systematic
ways. Therefore, in this paper, we study the surface topology of the
coating by means of atomic force microscopy (AFM) under aerobic
and anaerobic weathering conditions, as well as in the presence
and in the absence of water during weathering, similar to the
previous papers [19,20].

2. Experimental

2.1. Material

A model OH-functional polyester poly (neopentylisophthalate)
or PNI (provided by DSM Resins) with a hydroxyl value of 100
(theoretical molecular mass 1144 g/mol, degree of polymerization
4.4), non-cross-linked or cross-linked with hexamethylenediiso-
cyanurate trimer or HDT (provided by Perstorp), are used in this
study.

2.2. Coatings preparation

Coatings are made using solution coating application. PNI is
dissolved in 1,3-dioxolane at 70 �C, after cooling down to room
temperature, HDT was added to the solution at an NCO:OH ratio of
1.05 and then stirred for 5 min at room temperature before appli-
cation by a doctor blade applicator. After application, coatings were
dried and cured in a convection oven at 120 �C for 1 h. As substrate,
aluminum alloy AA3003 (Q-lab Corporation) panels were
degreased with acetone, dried with nitrogen gas and coated with
the coating solution, using a 160 mm gap height. This method re-
sults in coatings with 30e50 mm thickness.

2.3. Artificial weathering

A Ci65A Weather-Ometer (WOM, Atlas MTS), equipped with
xenon arc lamps and borosilicate inner and outer filters, was used
as the first artificial weathering machine. Exposure was carried out
at a black standard temperature (BST) of 65 �C, with a total cycle
time of 2 h that was 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 weathered sample is defined by the moment
at which it is removed from the equipment. Samples were not re-
exposed after removal.

A Suntest XXLþ (Atlas MTS) was used, equipped with xenon
lamps (NXe1700) and daylight inner and outer filters, as the second
artificial weathering machine. In order to have two different
exposure conditions in a single run of the Suntest XXLþ, two
exposure cells were made (Equipment and Prototype Center at TU/
e, Eindhoven) of aluminum alloy with a top window of fused silica
which has been sealed by a silicon rubber O-ring. Each cell has an
inlet and an outlet tube to purge it by a desired gas. One cell was
constantly purged by dry air and the other one by dry nitrogen
during exposure. The BST was set to 45 �C outside the cells, which
roughly corresponded to a BST of 65 �C inside the cells. Samples
were reshuffled every 500 h in order to provide a uniform irradi-
ance of light for all of them.

Note that apart from the abovementioned differences, WOM
provides a considerable amount of short-wavelength photons
(285 nm > l> 300 nm) but that for Suntest exposure, these photons
are not present [19]. Table 1 shows the summary of the weathering
conditions in WOM and Suntest machine.

2.4. Analytical methods

AFMmeasurements were performed using a NTegra Agura (NT-
MDT) machine in a semi-contact (tapping) mode and Si micro-
cantilever probes with a typical spring constant of 5 N/m. Both
topographic height and phase images were obtained simulta-
neously using a resonance frequency of about 150 kHz.

3. Results and discussion: surface topography

AFM scans for samples on Al plates, with scan dimensions of
10 � 10, 4 � 4 and 2 � 2 mm2 were performed. Fig. 1 shows the
surface topology of the samples weathered in the WOM for
different exposure times. As can be clearly seen, the weathering
process is laterally inhomogeneous. Even at relatively short expo-
sure times, e.g., 900 h, holes appear on the surface of the coatings.
As the exposure time increases, the number of holes increases and
the holes grow in size. Finally, at very long exposure times, e.g.,
3500e4500 h, they overlap and form mountainous waves on the
surface.

Fig. 2 shows a qualitative analysis of the hole for samples
exposed for 900, 2000 and 3500 h in the WOM. On extending the
exposure time the size distribution of the holes becomes broader. In
fact, for short exposure times holes start forming and they, more or
less, have the same lateral and longitudinal sizes. As the exposure
time increases, these holes become larger in all dimensions and
apparently new small holes also form at the same time. Hence,
comparing the size of holes at 900, 2000 and 3500 h in Fig. 2, one
can clearly observe that the size distribution of the holes becomes
broader as a function of exposure time. Note that similar deepening
and enlargement of holes as a result of UV irradiation (degradation)
have been observed for epoxy coatings [22].

Fig. 3 depicts the change in the Root Mean Squared (RMS) sur-
face roughness calculated for scan sizes of 10 � 10, 4 � 4 and
2� 2 mm2 and the change in the gloss for samples weathered in the
WOM. As the precise value of the RMS often varies with the sample
size used, these three sample size areas were taken to assess
whether the RMS value depends on the sampled area or length
scale, which, however, appeared not to be case. There is a gradual
increase in the surface roughness up to 3000 h followed by a steep
rise afterwards. In parallel, the gloss loss follows the opposite trend.
This confirms the existence of a direct correlation between surface
roughness and the gloss loss for our coating.

Figs. 4 and 5 show the surface topology of the samples weath-
ered in the Suntest air and nitrogen cells, respectively. As one
immediately notices, there is no systematic change in the surface
topology of the coatings as a function of exposure time.

Fig. 6 shows a comparison between the evolution of the surface
roughness for samples exposed to the WOM, Suntest air and ni-
trogen cells conditions. As mentioned in a previous paper [19], the
chemical changes in the WOM proceed about 2.5 times faster than
in the Suntest air cell, due to the higher irradiance in the WOM and
differences in spectral power distributions (SPD). Therefore, in or-
der to have a fair comparison in this graph, we plot the RMS as a



Table 1
Weathering conditions for the different apparatuses used.

Irradiation [W/m2] (300e400 nm) Relative humidity Atmosphere Temperature [�C]

WOM 54.12 Water spray/40e60% Air BST ¼ 65
Suntest 37.87 <5% Air/nitrogen BST ¼ 65

Fig. 1. Surface topography of samples weathered in the WOM. The scan size is 10 � 10 mm2. The scale of z axis is different for different images.

Fig. 2. Surface topology of samples weathered in the WOM for 900, 2000 and 3500 h, from top to the bottom row, respectively. Horizontal line topographies at the center of holes a,
b and c are shown in the corresponding columns. Horizontal and vertical axes units are mm and nm, respectively. Note that the depth of the holes is arbitrarily put at 0 nm.

H. Makki et al. / Polymer Degradation and Stability 122 (2015) 180e186182



Fig. 3. RMS surface roughness (left vertical axis) and 60� gloss (right vertical axis) of
samples weathered in the WOM as a function of exposure time. RMS measured for
scan sizes of 2 � 2, 4 � 4 and 10 � 10 mm2. Note that GU (gloss unit) is a gloss
characteristic based on a highly polished reference with a defined refractive index
having a specular reflectance of 100 GU at the specified angle. As the refractive index of
the coating is deviating from the reference, the initial gloss value is 120 GU.
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function of number of photons absorbed by the material (photon
dose), instead of the exposure time. We calculated the rate of ab-
sorption of the material, using the photon flux of the apparatus and
the UVeVis absorbance of the material at each specific wavelength
and each point in time during degradation. In order to compare the
number of absorbed photons as a function of exposure time for
different exposures, we integrated the rate of absorbance over a
range of wavelength, i.e., 270 nm > l > 400 nm, for each condition
[19].

The surface roughness for samples exposed in Suntest cells
Fig. 4. Surface topography of samples weathered in the Suntest air cell. The sca
remains at the virgin coating's level and there are no systematic
differences in the surface roughness of samples exposed in air and
nitrogen cells. This indicates that weathering in the Suntest appears
laterally homogeneous, contrary to weathering under WOM con-
ditions. Since the only differences between the WOM and the
Suntest air cell exposures are the presence of water spray and
shorter wavelength photons, one can rationalize this observation
based on these two factors. However, since the surface roughness
most likely increases as a result of non-uniform material removal
from the surface of the coating, the water spray seems to be the
most important one. As also indicated in a previous paper [19],
water removes the degraded material from the coating and this
water-caused removal becomesmore pronounced as exposure time
exceeds 2000 h.

Now, one could wonder whether the degradation occurs later-
ally inhomogeneous or the removal of the material by water does
not occur uniformly. Overall, the AFM phase images do not indicate
a phase separation in the degraded coatings. In Fig. 7, for one case
(top row), the phase image indicates that the material inside the
hole is different from that outside of the hole and in the other
example (bottom row) the material inside and outside of the hole
show a similar phase. Therefore, relying only on AFM phase images,
we cannot comment reliably on phase separation of the degraded
material. Note that there might be heterogeneity on a very small
size scale in the virgin coating [23] that can initiate further lateral
heterogeneity as a result of degradation; however, the length scales
of a possible initial phase separations are much smaller than what
we observed as a result of degradation, even after a few hundred
hours of exposure.

Hence we conclude that the appearance of surface in-
homogeneity is caused bywater. This material removal can be done
either by 1) water-caused removal during spray, 2) capillary forces
during drying or 3) dissolution of degraded material in water.
n size is 10 � 10 mm2. The scale of y axis is different for different images.



Fig. 5. Surface topography of samples weathered in the Suntest nitrogen cell. The scan size is 10 � 10 mm2. The scale of y axis is different for different images.
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For further investigation we soaked the samples exposed in
Suntest (air and nitrogen cell) for 6500 h in demi-water for 2 days
at 60 �C while stirring the water at 100 rpm stirring speed.
Thereafter, samples were dried in a convection oven at 75 �C for 3 h
Fig. 8 shows the surface topography of these samples before and
after soaking in demi-water. The surface topography of the sample
weathered in anaerobic condition does not show any significant
change (in some images holes with 10 nm depth were seen which
was not the case before soaking it in water). The average surface
roughness also remains at the same level.
Fig. 6. RMS surface roughness of samples weathered in the Suntest air and nitrogen
cells as a function of photon dose. RMS measured for scan size of 10 � 10 mm2. Lines are
shown to guide the eye.
However, for the sample degraded in aerobic condition, the
surface topology changes dramatically, see the z scale bars in Fig. 8.
The average RMS surface roughness also increases from 0.5 nm to
9.1 nm. This proves that the change in surface roughness of the
WOM samples is due to the inhomogeneous nature of the weath-
ering. In fact, the role of water is probably only dissolution and
removal of the degraded material, consistent with the fact that
particles (submillimeter size) were observed floating in water after
the soaking experiment. In addition, the shape of holes observed by
AFM for the soaked sample is similar to the samples degraded in
Fig. 7. Two examples of height (right column) and the corresponding phase (left
column) images form samples a) 2000 h and b) 3500 weathered in the WOM. The
contrast of the phase images is set exactly the same.



Fig. 8. 2D height images of samples exposed for 6500 h in the Suntest air and nitrogen cell before (left column) and after (right column) being soaked in demi-water.
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the WOM that experienced water spray during wet cycles. It is
worth emphasizing that there is evidence regarding the effect of
water impingement, i.e., size and speed of water drops, on material
removal during degradation [24,25]. Although we expect that the
forces involved in stirring the water during soaking of the Suntest
samples are much less than during erosion, depending on the
remaining bonding of the degraded pieces to the coating, very little
force may be required and stirring might be sufficient to remove
weakly held spots.

As a matter of fact, considering the auto-accelerating (auto-
catalytic) character of photo-oxidation in polyester-urethane coat-
ings [26], imagine that oxidation starts at a certain point. Additional
radicals will be generated at that point and thus, subsequent
oxidation will take place close to that point and so on. This, most
probably, results in spherical “weak spots”, with no preferential
directionality involved. Of course, this argument only holds if one
assumes that the progressive oxidation (“growth”) happens much
faster as compared to the generation of new photo-oxidation sites
(“nucleation”). In other words, the initiation reactions take place at
random lateral positions in the coating during the whole degra-
dation process. The propagation reactions start from these (weak)
spots, generate more radicals and accelerate the degradation pro-
cess. Therefore, as degradation proceeds, the newly formed
degraded spots have a smaller domain size than the older degraded
spots. Under the assumption of faster propagation reactions as
compared to initiation reactions, the size distribution of degraded
domains becomes broader and the lateral heterogeneity increases.
In addition, all the holes observed by AFM have a crater shape.
Therefore, the spherical growth of the radical-rich spots in the
polymer and the crater shape holes on the degraded samples might
be related to each other.

In addition, (transmission) FTIR analysis shows no or only minor
differences in composition of the coating after soaking it in water
[27] confirming that material has been physically removed from the
surface of the coating, apparently from weaker spots which have
been created by photo-oxidation reactions. This, again, emphasizes
that the lateral inhomogeneous degradation occurs in the presence
as well as in the absence of water spray (rain), as also reported in
the literature [22].

4. Conclusions

AFM measurements show that the weathering process in aer-
obic condition results in formation and growth (laterally and in
depth) of crater-shaped holes. At very long exposure times these
holes overlap and makes a wavy surface which leads to gloss loss.
The samples degraded in anaerobic condition do not show any
considerable change in the surface roughness after being soaked in
water. In the absence of water flow on the coatings (Suntest air cell
conditions), the surface roughness remains constant and it in-
creases tremendously by soaking these samples inwater for a short
time. This indicates that oxidation reactions result in a non-uniform
degradation that eventually lead to the loss of gloss.
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