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Abstract: In this work, weathering performance and durability of a commercial automotive acrylic 
polyurethane topcoat samples exposed at a natural testing station in an industrial atmosphere (Police, 
Poland) were studied. After a 16-month outdoor aging process, surface morphology and general appear-
ance of the clearcoat were investigated by means of optical and scanning electron microscopes, an opti-
cal profilometer and by a glossmeter. For further investigation of  the samples surfaces chemistry X-ray 
photo-electron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR) were utilized. 
Test results showed that the outdoor exposure changed the appearance of the acrylic polyurethane top-
coat surface because protuberant spots of various sizes were observed. Quantitative profilometric analy-
sis indicated an apparent increase of surfaces roughness, however, no signs of chemical degradation of 
the studied topcoat were revealed by XPS and FTIR analyses. Finally, it was apparent that the surface 
protuberances observed after the ageing test resulted by atmospheric deposits consisting mainly of oxy-
gen, calcium, phosphorus, iron, and silicon compounds and elemental carbon. Additionally, it was re-
vealed that a detailed cleaning process of the clearcoat surfaces may remove the detected contaminants.
Keywords: automotive coating, acrylic polyurethane coating, industrial area, outdoor weathering, 
FTIR, XPS.

Trwałość akrylowych powłok poliuretanowych w warunkach 
atmosferycznych na zewnątrz w obszarze przemysłowym
Streszczenie: W niniejszej pracy zbadano trwałość próbek komercyjnej akrylowo-poliuretanowej na-
wierzchniowej powłoki samochodowej w trakcie ich ekspozycji w atmosferze przemysłowej zakładów 
chemicznych (Police, Polska). Morfologię powierzchni i ogólny wygląd powłok lakierowych (po 16 mie-
siącach testu) zbadano za pomocą mikroskopu optycznego i skaningowego mikroskopu elektronowe-
go, profilometru optycznego oraz połyskomierza. Do badań składu i struktury chemicznej powierzch-
ni wymalowań wykorzystano rentgenowską spektroskopię fotoelektronów (XPS) oraz spektroskopię 
w podczerwieni z transformacją Fouriera (FTIR). Ekspozycja w atmosferze przemysłowej zmieniła wy-
gląd powierzchni powłok gdyż zaobserwowano wypukłe plamy o różnej wielkości. Dodatkowo, ilościo-
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wa analiza profilometryczna wykazała wyraźny wzrost chropowatości powierzchni, chociaż wyniki 
badań metodami XPS i FTIR nie wykazały żadnych oznak chemicznej degradacji testowanych pró-
bek. Ostatecznie okazało się, że wypukłości obserwowane na powierzchniach starzonych powłok były 
osadami atmosferycznymi składającymi się głównie ze związków tlenu, wapnia, fosforu, żelaza, krze-
mu oraz węgla. Dodatkowo wykazano, że dokładne umycie powierzchni powłok powoduje usunięcie 
wspomnianych zanieczyszczeń. 
Słowa kluczowe: powłoka samochodowa, akrylowa powłoka poliuretanowa, obszar przemysłowy, test 
starzenia na zewnątrz, FTIR, XPS.

Automotive industry is one of the primary users of 
acrylic coatings, which are known for their aesthetic 
appearance, long-term weathering durability, good 
chemical, and mechanical resistance [1–3]. 

Outdoor durability of multilayer automotive coating 
systems depends mainly on properties of their outermost 
layers known as topcoats. Today, clear topcoats (“klars”) 
based on 2K acrylic polyurethane compositions are dom-
inant technology in Original Equipment Manufacturer 
(OEM) and refinish automotive coatings in Europe and 
they are also widely used globally [4-5]. These clearcoats 
with urethane cross links (resulting from a reaction of 
OH groups of an acrylic polyol with polyisocyanate) offer 
improved resistance against UV light degradation and 
environmental effects.  

Nonetheless, acrylic clear topcoats as other protec-
tive coatings may degrade over time and lose their func-
tional properties as a result of exposure to environmen-
tally destructive factors such as UV, temperature, oxygen, 
humidity, road salt, air pollutants, microorganisms and 
wide range of other natural agents including bird drop-
pings, tree gums and even dragonfly eggs [2, 6–14]. 

In order to evaluate coating quality and service life-
time accelerated laboratory tests and outdoor exposure 
in natural weathering conditions are performed. Many 
different accelerated tests like QUV weathering, thermal 
cycling, aging in cabinets with salt spray, humidity or SO2 
atmospheres and acid etching tests are commonly used to 
simulate various environmental influences [3, 8, 15–17]. 

 Despite many efforts made on improvement of con-
ventional accelerated tests such as climate alternating 
tests or simulation of acid rain, the problem of getting of 
acceptable correlation between laboratory and outdoor 
exposures still exists. Therefore, natural exposure in vari-
ous locations (different climate and pollution level) com-
bined with analytical techniques for early detection of 
chemical changes in coating materials are considered as 
the most reliable method for evaluating the weathering 
behavior of exterior coatings. However, long exposure 
times (minimum one year) are required in order to obtain 
representational data due to changes of meteorological 
conditions throughout the year [18]. 

Although outdoor weathering aging of automotive 
acrylic coatings are carried out in many various loca-
tions including sites with humid and warm conditions 
(e.g. Florida, south coast of France), dry and hot conditions 

(e.g. Arizona, Australia) [3, 8, 19–20] and urban environ-
ments (e.g. Radom, Poland) [7, 21], natural exposure tests 
in industrial areas are still limited; thus, there is a lack 
of information about durability and degradation behav-
ior of acrylic polyurethane coatings in atmospheres com-
monly considered as harsh environments. 

In this work, the aging behaviour of automotive com-
mercial coating systems exposed to specific industrial 
environment was studied. Changes in surface topogra-
phy and morphology of an acrylic polyurethane topcoat 
layers and their general appearance were monitored by 
optical and scanning electron microscopes, an optical 
profilometer and by a gloss reflectometer. The alterna-
tions of chemical structure after exposure were analysed 
by two complementary techniques: X-ray photoelectron 
spectroscopy (XPS) and Fourier transform infrared spec-
troscopy (FTIR). Special emphasis was given to dis-
tinguish between surface contamination and possible 
destruction of the tested acrylic polyurethane clear top-
coat.

EXPERIMENTAL PART

Sample preparation

The automotive industrial three-layer coating system 
(i.e. primer, basecoat, and clear topcoat; Spectral Coating 
Technology, Novol, Poland) was applied by an air spray 
wet-on-wet technique on blast cleaned steel panels 
(76 × 152 × 0.8 mm) in a professional car paint workshop. 
The samples were prepared in two versions using silver 
and black color basecoat compositions. Specific chemi-
cal composition of the topcoat is unknown, however, 
it is based on a hydroxyacrylic copolymer and an iso-
cyanate hardener (HDI, hexamethylene diisocyanate). 
Thicknesses of the dry coating were 65±10 μm (after con-
ditioning at room temperature for 21 days). Before their 
outdoor exposure, the edge of the coated panels were 
protected using an anticorrosive vinyl paint.

Outdoor weathering exposure

Outdoor exposure test was performed according to 
internal factory standards for 16 months (from May 
2019 to September 2020) at an industrial area near fertil-
izer and inorganic chemicals plants of the Grupa Azoty 
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Zakłady Chemiczne “Police” S.A.  company in Police, 
which is a town in the northern Poland. A natural test-
ing station with weathering racks met the requirements 
of the PN-EN ISO 2810:2005 standard. Each color version 
of the coating system had five replicates. The samples 
were exposed with 45° tilt angle, facing south. During 
the weathering test, changes of specular gloss were 
monitored according to a planned measurement pro-
gramme (with decreasing frequency). The air temper-
ature and relative humidity were also measured and 
registered. 

After the field exposure, all the samples were cleaned 
with a soft solution of car shampoo and stored in the dark 
place under office condition. Next, two replicates of each 
color version were also cleaned according car detailing 
procedure, which was similar to cleaning methods com-
monly used in commercial car washes. The three-step 
cleaning program consisted of pre-cleaning, a decon-
tamination process (i.e. chemical removal of all kinds 
of tightly bonded deposits and dirt from the surface of 
a vehicle) with commercial detergents and dirt removing 
using a smooth automotive clay bar.

The surface characteristic of the automotive coat-
ing were investigated using optical profilometry, opti-
cal microscopy, scanning electron microscopy (SEM), 
Fourier transform infrared spectroscopy with attenu-
ated total reflectance (FTIR-ATR) and X-ray photoelec-
tron spectroscopy (XPS). Prior to the SEM, FTIR and XPS 
measurements the coating samples were cut into round 
specimens with a diameter of 1 cm.

Characterisation methods

Infrared spectroscopy

FTIR-ATR spectra of the automotive clear topcoat sam-
ples were obtained using the Thermo Fisher Scientific 
Nicolet FTIR 380 spectrometer (Waltham, MA, USA) 
equipped with an ATR diamond plate. Spectra were 
recorded in the transmittance mode from 400 to 4000 cm–1,  
with a resolution of 4 cm–1.

XPS measurements

The X-ray photoelectron spectroscopy measure-
ments were carried out in a commercial multipurpose 
(XPS, LEED, UPS, AES) UHV surface analysis system 
(PREVAC), which operates at a base pressure in the low 
10-10 mbar range. The calibration of the X-ray photoelec-
tron spectrometer was performed using Ag 3d5/2 transi-
tion. An analyser chamber was degasified prior to mea-
surement so that during XPS measurements the pressure 
was in the low 10-9 mbar range. The X-ray photoelectron 
spectroscopy was performed using Kα of aluminum (h = 
1486.6 eV) radiation. Due to charging effects, the binding 
energy scale was calibrated using C1s (aliphatic carbon 
bonded to another carbon) transition at 285.0 eV. The C1s 

and N1s regions were deconvoluted using the CasaXPS 
software (V2.3.15 CASA Software Ltd., UK).

Optical profilometry measurements

The samples were analysed using the Contour GT opti-
cal profilometer (Bruker, USA). Basic surface roughness 
parameters and their 3 D surface topography maps were 
obtained. Three repetitive measurements were made on 
each sample with the analysed area of 4 mm2.

Microscopic analysis

Optical microscopic images of the coating samples 
were recorded by means of the Stemi 508 optical micro-
scope (Carl Zeiss, Germany). Morphology characteristic 
of the samples was observed using the  SU8020 scanning 
electron microscope (Hitachi, Japan) with the accelerat-
ing voltage of 5 kV. In order to avoid charging effects, 
the specimens were coated with 10 nm chromium layers 
prior to the SEM imaging. A coater (Q150T ES; Quorum, 
UK) equipped with a turbomolecular pump was used.

Specular gloss measurements

Surface specular gloss was measured using the Haze-
Gloss reflectometer at a 20° incidence angle (BYK-
Gardner, Germany). The presented data were averaged 
using results of three measurements of a single panel; 
the measured area was a circle with a diameter of 15 mm. 
Gloss retention of the coatings was expressed as a per-
centage of the initial gloss value.

PM10 samples chemical characterisation

Four PM10 particulate samples were collected on 
quartz fibber filters (QMA 1851 047;  Whatman, UK) in 
November 2018 at the environmental monitoring sta-
tion belonging to the chemical plant in Police (located 
ca. 0.5 km of the natural testing station). All the sam-
ples were analysed for ionic components concentration 
(Cl-, NO3

-, PO4
3-, SO4

2-, NH4
+, K+) by ion chromatography 

(Dionex ICS 1100, Thermo Scientific, UK). The thermo-
optic analyzer (Model-4L, Sunset, USA) with flame ion-
ization detection (FID) was used to determine organic 
(OC) and elemental carbon (EC).

RESULTS AND DISCUSSION

Outdoor weathering data

According to meteorological data presented in the 
previous work [22], the climatic conditions in the coated 
samples exposure location (Police) are typical for the 
north-western part of Poland, with annual average 
temperature of 9.4oC, relative humidity of 80.3%, and 
563.6 mm of total rain per year. Due to the warm and 
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fully humid climate determined for this part of Poland 
[23], the time with high humidity was considered as the 
important environmental factor, which may be respon-
sible for organic coating degradation processes. The time 
of wetness (TOW) – defined as the fraction of time in 
which the relative humidity is higher than 80% and the 
temperature is higher than 0°C (ISO 9223, 2012) – was 
determined on the basis of meteorological data registered 
during the test period. Monthly changes of average tem-
perature and TOW expressed as the percentage of wet 
conditions are presented in Fig. 1. The seasonal oscilla-
tions of these parameters were observed, especially with 
low average temperature and very long time of wetness 
during the autumn and winter. The TOW calculated for 
total exposure time was 53.9%, which means that samples 
exposed in natural testing station were stored in high 
humidity conditions for 6709 hours. During that wet peri-
ods water condensation on the coating surface and high 
water uptake may occur [15] and led to deterioration of 
coating features [2].

Surface topography and morphology evaluation

Optical as well as scanning electron microscopy tech-
niques were utilized to investigate the surface morphol-
ogy of the tested topcoat with respect to outdoor weath-
ering performance. In addition, basic surface roughness 
parameters and 3D microscopic views were obtained. 

Figure 2 shows optical micrographs (55×) of silver 
and black color coatings before their exposition (the ref-
erence samples) and after exposure in outdoor condi-
tions in the industrial area for 16 months (without and 
with further cleaning according to a special car detail-

ing procedure). The micrograph of the unexposed silver 
color sample revealed aluminum flakes with grainy 
appearance, that visually provide a texture [3]. In case 
of unaged black color coating the bright sparkles over 
a darker background were observed (probably metal-
lic pearls in the basecoat). However, both silver and 
black color reference coatings were relatively homoge-
nous with regular patterns. After the 16-month outdoor 
exposure, some morphology differences were found on 
the aged surfaces. The presence of some small, circular, 
dark spots on silver color sample and the appearance of 
widespread white stains on black surface, may be related 
to the fact that dark features are easier to be observed 
on bright colors and vice versa [9]. Nevertheless, the 
nature of these different surface features cannot be 
clearly assessed. Coatings during outdoor weathering 
can deteriorate over time as a result of exposure to many 
different environmental factors such as UV, heat, sand 
abrasion, humidity, chemical and biological attack [2]. 
Color change, gloss reduction, cracking, blistering and 
other deformities can then occurred [3]. The results of 
natural weathering tests may be also affected by the 
contamination of the coating after the exposure [24]. 
Therefore, the regions that appear to be degraded can 
simply contain impurities in form of deposit. Although 
all the samples were cleaned with soft solution of car 
shampoo after the field exposure, the observed changes 
could still be considered after washing as the remains 
of the deposited material. It was regarded as possible, 
especially in case of white stains on black color sam-
ples which were visible to the naked eye. To investigate 
the nature of stains on coating surfaces (after the out-
door exposure), the attempt to remove them was done. 
Aiming that, two replicates of each color system were 
additionally cleaned according to a car detailing pro-
cedure commonly used in commercial car washes in 
order to removing tightly bonded contaminants such 
as airborne compounds, tree saps, industrial fallouts, 
rail dust and plain road grimes. As could be observed 
in Fig. 2 (c and f), the coating surfaces after superior 
cleaning performance appear to be similar to that of the 
unexposed samples. The slight scratches registered on 
the detailed cleaned black color coating were most likely 
created during the sample preparation for the surface 
investigations. 

Similar results were registered by means of the SEM 
technique, especially at higher magnification (Fig. 3). 
After the outdoor exposure, some features with pro-
nounced structures appeared on the surfaces of both 
silver and black color samples, but no evident damages 
were observed on the detailed cleaned panels. 

The 3D topographic images, obtained using the optical 
profilometer, show that surfaces of aged coated samples 
(Figs. 4b and 4e) became rough and obvious small spikes 
and larger protuberances of various sizes appeared. 
Quantitative profilometric analysis indicated an evident 
increment of the roughness. 
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Fig. 2. Optical micrographs of the:  a) unexposed silver color coating, b) exposed silver color coating,  c) exposed and cleaned silver 
color coating, d) unexposed black color coating, e) exposed black color coating, f) exposed and cleaned black color coating
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Fig. 3. SEM images of the: a) unexposed silver color coating, b) exposed silver color coating,  c) exposed and cleaned silver color coat-
ing, d) unexposed black color coating, e) exposed black color coating, f) exposed and cleaned black color coating
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T a b l e  1.  Surface roughness parameters from representative regions of the silver and black color coatings

Sample Ra,  μm Rq, μm
Silver, unexposed 0.225 0.277
Silver, exposed 0.653 2.141
Silver, exposed and cleaned 0.162 0.355
Black, unexposed 0.134 0.199
Black, exposed 0.580 0.987
Black, exposed and cleaned 0.186 0.254

Fig. 4. 3D microscopic views of sample surfaces of the:  a) unexposed silver color coating, b) exposed silver color coating,  c) expo-
sed and cleaned silver color coating, d) unexposed black color coating, e) exposed black color coating, f) exposed and cleaned black 
color coating
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According to the Table 1, the average roughness (Ra) 
and root-mean square roughness (Rq) of the field exposed 
samples reached the values of three or even four times 
greater than the parameter noted for the reference panels. 
Both widespread low protuberances and depressions 
were found on the clearcoats of the detailed cleaned 
silver and black color panels. However, the height or 
depth of those surface unevenness was 2 μm or less and 
the Ra and Rq values were similar to those measured for 
the reference samples. It can be summarized that the sur-
face topography of the reference samples - but also of the 
exposed and detailed cleaned samples - was relatively 
similar and flat.

Gloss retention

To study the effect of outdoor weathering on general 
appearance and optical quality of the coating surface, 
specular gloss was measured during the field exposure. 
Variations of the gloss retention, i.e. the parameter cal-
culated as a percentage of the initial gloss that retained 
after the exposure, for the silver and black color samples 
before and after the additional detailed cleaning is pre-
sented in Fig. 5. 

The recorded values for all the panels did not reveal 
relevant changes; both color-type samples exhibited the 
high gloss retention values after the 16-month exposure 
(> 92%) and they were increased to the initial values by 

the additional cleaning process. This indicates high resis-
tance of the acrylic polyurethane clear topcoat to envi-
ronmental influences and a slight effect of the weathering 
conditions on the aesthetic properties of the tested coat-
ing materials [10]. Comparable small reduction of sur-
face gloss of acrylic polyurethane coatings was observed 
during a 20-month natural exposure test performed in Ha 
Long city in Vietnam [25]. The gloss retention results are 
also consistent with small changes of surface roughness 
values measured during our natural weathering tests. It 
is not unexpected, because loss of gloss is most often cor-
related with an increment of  surface rugosity [19]. 

XPS results

The XPS (X-ray photoelectron spectroscopy) is a widely 
used technique for surface chemical analysis of polymer 
coatings [26-27]. In recent years, an increment of this 
method application to evaluate degradation of various 
organic coatings has been observed [28-30].  Due to advan-
tages of the XPS method related to its high surface sen-
sitivity and possibility of chemically specific identifica-
tion of carbon [26, 31] , we considered this technique as an 
useful tool to characterize the surface of the clear acrylic 
polyurethane topcoats during the natural weathering test; 
the XPS studies were performed in order to characterize 
the changes of coating surface chemistry after 16-month 
outdoor exposure. XPS spectra of the three silver color 
coatings, i.e. the reference, exposed as well as exposed 
and detailed cleaned samples, are present in Fig. 6. 

The carbon (at 285 eV), oxygen (at 535 eV) and nitrogen 
(at 400 eV) were found dominant in surface composition 
of unexposed sample. Nitrogen is especially characteristic 
for urethane links created by isocyanates in crosslinked 
acrylic polyurethane coatings. The other detected ele-
ments (Si, Al, Mg, and S) are suspected to be introduced 
to the clearcoat composition by specific auxiliary addi-
tives (e.g. defoamers, leveling agents) [32]. Nevertheless, 
their atomic contents did not exceed 1% (Table 2). 

As can be seen in Table 2, atomic content of C and O ele-
ments changed remarkably after the coating exposure to 
outdoor weathering (no cleaning); additionally, two new 
elements (P and Fe) were detected on the surface of both 
silver and black color coatings. A slight but evident incre-
ment of Si, Al, and Ca concentration was also observed. 
Generally, the oxygen/carbon (O/C) ratio after the field 
exposure doubles (Table 3). 
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T a b l e  2.  Elemental composition of the coating surfaces

Coating treatment
Atomic percentage, %

C N O S Ca Al Si Mg P Fe
Silver, unexposed 76.8 3.4 17.1 0.1 0.2 0.6 0.8 1.0 - -
Silver, exposed 64.3 2.8 26.7 0.2 0.4 1.0 2.7 0.5 1.0 0.4
Silver, exposed and cleaned 80.1 2.4 14.7 0.2 0.3 0.2 0.8 1.2 - -
Black, unexposed 80.6 2.9 14.7 <0.1 0.1 - 0.6 1.1 - -
Black, exposed 57.9 3.5 31.7 - 0.7 1.0 2.5 0.4 1.8 0.5
Black, exposed and cleaned 77.4 3.3 17.3 0.1 0.1 0.1 0.2 1.5 - -
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This growth could be related to degradation/oxida-
tion of the polymer matrix  [28-29,  33]. However, in this 
study, another explanation should be considered as well. 
Perhaps the O/C increment results from the deposits 
presence on the coating surface containing insoluble oxy-
gen-rich minerals, especially since XPS analysis provides 
information on a near surface region, i.e. in the range of 
1 – 10 nm [34]. It can be also confirmed by slight increase 
of the Si, Al and Ca elements content on the aged surfaces 
and by the presence of P and Fe elements (the character-
istic components of air contaminants in the Police fer-
tilizer factory). On the other hand, the XPS data shown 
no significant changes of the nitrogen/carbon ratio (N/C; 
Table 3), because the N-based component (NH4

+) were 
also detected in the air contaminants (Fig. 7). 

Finally, the elemental analysis results for the panels 
(after their additional detailed cleaning) were quite simi-
lar to those observed for the reference samples – it sug-
gests that ester and polyurethane linkages in crosslinked 
acrylic resins still remain intact.

In the case of no significant changes of chemical com-
position of the coatings surfaces, the high-resolution 
XPS spectra of C1s were deconvoluted for each analyzed 
sample; the obtained signals and their deconvolution are 
shown in Fig. 8. 

Information on XPS studies of automotive acrylic 
clearcoats has not been found anywhere in a literature. 
Therefore, the deconvolution of the C1s spectrum for 
the reference samples was performed based on the data 
reported for polyacrylic acid (PAA) [35] and poly (methyl 
methacrylate) (PMMA) [36], where the high-resolution 
C 1s spectra were resolved into four characteristic peaks. 
In addition, a set of constrains was applied in order to 
ensure adequate interpretation of changes caused by out-
door weathering process of the coatings. Once the spec-
tra for the reference sample were curve fitted, the FWHM 
(full width at half maximum) and position in BE were con-
strained, and then applied to the XPS curves determined 

Fig. 6. XPS full spectrum of the silver color samples: a) unexpo-
sed, b) exposed, c) exposed and cleaned
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T a b l e  3.   Atomic ratios for the coating surfaces

Coating treatment
Atomic ratio

N/C O/C
Silver, unexposed 0.04 0.22
Silver, exposed 0.04 0.42
Silver, exposed and cleaned 0.03 0.18
Black, unexposed 0.04 0.18
Black, exposed 0.06 0.55
Black, exposed and cleaned 0.04 0.22
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coating

for other samples in studied series. The peaks were fitted 
with FWHM of 1.5 – 1.7 eV (with the additional assump-
tion that all peaks within one deconvoluted curve had the 
same value) and the binding energies were: C-C/C-H 285.0 
± 0.2 eV, C-O 286.5 ± 0.2 eV, C=O 287.5 ± 0.2 eV and COOR 
289.0 ± 0.2 eV. These positions are consistent with those 
reported for polymer samples by Briggs and Seah [37]. 

The absence of the peak for C-N bonding can be 
explained by a very low content of nitrogen measured 
during XPS full spectrum analysis. It indicates much 
lower C-N bonding distribution compared to C-C and 
C-O bonding [26]. It is also noteworthy that satellites were 
not included in our curve-fitting procedure, because their 
intensities were practically invisible and had no influence 
on the obtained results.

As shown in Figs. 8 b and 8 f, after the outdoor expo-
sure of the acrylic polyurethane coatings no significant 

changes were recorded for left peak shoulder related to 
formation of carbon oxygen bonds. Interestingly, more 
pronounced change is visible in right shoulder that is 
less steep. In addition to the polymer peaks, the one at 
284.1± 0.2 eV appeared for both silver and black color 
coatings. The new peak is lying lower in energy by about 
0.9 ± 0.2 eV then the component attributed to the func-
tional groups of C-C/C-H. According to the literature, the 
lower energy component with shift of 1.1 ± 0.2 eV towards 
lower binding energies in relation to peak C-H (sp3), is 
associated to sp2-bonded carbon atoms [38]. The presence 
of the peak at 284.2±0.1 eV was reported to be found in 
the XPS high-resolution C1s spectra of the atmospheric 
particulate matter PM collected in urban and indus-
trial areas [39–40]. This low binding energy component 
was assigned by the authors of these works to elemental 
carbon. Similar observation were noted for road dusts 
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sampled near coal power plant, where the peak, corre-
sponding to the formation of C=C bonding, was recorded 
at 284.3–284.6 eV [41]. That phenomenon - and the fact 
that organic and elemental carbon constituted a remark-
able proportion of the total PM10 samples collected in 
the area of the natural testing station (Fig. 7) – indicates 
that the  284.1± 0.2 eV signal originates form carbon spe-
cies adsorbed on the surface of the coating panels during 
their outdoor exposure. Moreover, the detailed cleaning 
of the exposed panels resulted in the C1s spectra similar 
to those recorded for the reference samples (i.e. without 
additional peak for C=C bonding).

The results of quantitative analyses of deconvolution 
of C1s signals (presented in Fig. 8) are listed in Table 4. 

Apart from the appearance of a new peak assigned to 
carbon originating from surface deposits and a propor-
tional decrement of the C-C/C-H groups content, there 
are no significant differences in the atomic concentration 
of the C1s groups. The slight changes observed for the 
forms of oxidized carbon seem to be rather irrelevant, 
and may result from some variation of the initial chemi-
cal composition of the coating replicates. 

In this work, the high-resolution XPS spectra of O1s 
were considered to be very complex and virtually 
impossible to accurately and unambiguously conduct 
the curve-fitting process. The broad oxygen signals 
ranged between 528 and 536 eV for all the coating sam-
ples. Due to high probability of multiple overlapping 
peaks (which can be attributed to the oxygen bonds in 

polymers as well as to SiO2, sulfates, phosphates and 
other inorganic compounds from material deposited 
during outdoor exposure), interpretation of O1s spectra 
was not realized. 

As far as the nitrogen is concerned, Fig. 9 presents 
N1s curves for the reference and the exposed (without 
the superior cleaning) silver color samples. Almost all 
the studied samples gave the similar N1s signals, which 
have been interpreted as a one component peak (at 
400.0 ± 0.2 eV) originating form N-C group (in the ure-
thane bond) present in crosslinked acrylic polyurethane 
coatings. One exception was for the silver color sample 
after the 16-month exposure, whose N1s spectrum was 
fitted with two different components (at 400.0 eV and 
401.9 eV). The new small peak at 401.9 eV may results 
from appearance of quaternary nitrogen, which has been 
attributed to ammonium ion. It has been reported in the 
literature that ammonium ion XPS peaks were observed 
in samples of various atmospheric particulates [39, 
42–43]. The presence of ammonium ions in atmospheric 
particles has been confirmed during bulk chemical anal-
ysis of PM10 samples collected at an environmental mon-
itoring station belonging to the chemical plant in Police 
(Fig. 7). Thus, it is most probable that ammonium salts are 
the minor constituents in the surface depositions, which 
were not dissolved during rains or cleaning with the soft 
solution of car shampoo.

The XPS data suggest that chemical nature of the 
outermost clear layers of the coating system (tested for 

d)

e)

f)

T a b l e  4.  The content of C1s components expressed as molar fractions

Assignment
Silver coating Black coating

Unexposed Exposed Exposed 
and cleaned Unexposed Exposed Exposed 

and cleaned
sp3 C-C/C-H 0.74 0.68 0.79 0.76 0.58 0.71
sp2 C=C/C-C – 0.07 – – 0.14 –

C-O 0.16 0.15 0.11 0.15 0.16 0.16
C=O 0.02 0.02 0.04 0.02 0.03 0.03

COOR 0.08 0.08 0.06 0.07 0.09 0.10

396398400402404

Binding energy, eV

396398400402404

N-C N-C

NH4
+

Binding energy, eV

Fig. 9. The deconvoluted N1s XPS spectra for the: a) unexposed silver color coating, b) exposed silver color coating 

a) b)
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16 months in the vicinity of chemical and fertilizer plants) 
remained unchanged. It is apparent that the small, circu-
lar, dark spots and widespread white stains visible on 
the exposed samples surfaces are atmospheric deposits 
containing mainly oxygen, calcium, phosphorus, iron, 
silicon, and elemental carbon. 

FTIR results

In order to provide more comprehensive information 
about morphological changes of the outdoor-exposed 
automotive coatings, the XPS analysis was comple-
mented with the FTIR-ATR technique allowing detection 
of chemical changes in an organic coatings surfaces, even 
at a very early exposure stage [44-45]. Due to the fact that 
the signal originates from 1-3 μm of material, the FTIR- 
ATR is acknowledged to be a surface sensitive technique 
suitable for automotive coatings investigation [46].

Fig. 10 shows FTIR-ATR spectra for the six panels in the 
silver and black color versions (i.e. the reference, exposed 

as well as exposed and detailed cleaned samples). All 
the spectra were normalized using CH2 bending vibra-
tion (1460 cm-1) due to its relatively high stability during 
coating  properties deterioration processes [18, 47]. The 
assignments for main characteristic absorption bands 
registered for the studied acrylic polyurethane topcoat 
are listed in Table 5 [19, 20, 48–54]. 

The strong intense doublet observed at 1723 cm-1 and 
1683 cm-1 is characteristic for an urethane modified 
acrylic clearcoat [50, 55] while the shape of IR spectra in 
the fingerprint region (from 1100 cm-1 to 1300 cm-1 with 
the highest intensity peak at 1147 cm-1) represents an 
acrylic binder [50]. Another characteristic peak (corre-
sponding to the coupling of N-H bending vibration with 
C-N stretching vibration in the HN-C(O) group (known 
as an amide II band)) was recorded at 1528 cm-1. This 
one is very important in relation to weathering results 
since a loss of its intensity is considered as a major sign 
of acrylic polyurethane coating degradation due to 
a photo-induced scission of polyurethane cross links 
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[19, 51–52]. Moreover, reduction of intensity of the band 
at ca. 1240 cm-1 (C-N/N-H) [19] and notable changes in the 
1600–l800 cm-1 region was also reported in researched lit-
erature [19, 21, 52].

Comparison of the recorded spectra for the refer-
ence and exposed samples (Fig. 10) indicates a signifi-
cant intensity increment (after the outdoor exposure) of 
the broad band at 3100–3700 cm-1 (OH, NH stretching 
vibration), which may be caused by degradation prod-
ucts formation [12, 20, 25, 48, 52, 56]. The increase of the 
surface concentration of NH and OH groups should be 
correlated with cleavage of urethane bonds and creation 
of the amine and hydroxyl groups, however, the gener-
ally negligible changes of the IR spectra for the exposed 
samples vs. the reference materials (i.e. slightly lower 
peaks for HN-C(O) group at ca. 1510–1530 cm-1, C=O  
group at ca. 1685 cm-1, and C(O)-O group in the region 
of 1100–1300 cm-1) indicate that chemical structure of the 
tested polymer binder was rather intact. In this case, the 
increment of the peak at 3100-3700 cm-1 should be rather 
assigned to the presence of water in the surface inorganic 
deposits. It is noteworthy that a significantly increment of 
a peak at the 3000-3700 cm-1 frequency range (registered 
for a polyurethane/polysiloxane hybrid coating after its 
ageing in marine conditions) was explained in a pub-
lished paper by water absorption on a coating [48]. This 
interpretation is also supported by the results obtained 
in the present investigation for the detailed cleaned sam-
ples, whose IR spectra practically do not differ from those 
recorded for the reference coating panels. A slight reduc-
tion of the C-H aliphatic stretching bands intensities (at 
2931 and 2859 cm-1) may be assigned to initiation of poly-
meric chain scission due to natural photodegradation 
processes [20, 25, 51, 53, 56].

The small changes noticed for the 980-1150 cm-1 fre-
quency range (after the field exposure) may be  attributed 
to the presence of various inorganic species in the sur-
face deposits, e.g. SO4

2- (IR bands around 1080–1150 cm-1) 

[57-59], PO4
3- (1000 – 1100 cm-1) [57, 60], and silicon com-

pounds (ca. 1030 cm-1) [58, 61-63].
Taking into consideration that all the noteworthy vari-

ations observed in IR spectra were attributed to the pres-
ence of water or other inorganic surface contaminations 
as well as the XPS data analysis and the visual evalu-
ation indicated only a presence of surface contamina-
tion after outdoor exposure, it can be claimed that the 
chemical structure of the clear topcoat was not modified 
during the test in the industrial conditions. The prob-
lem of potential dirt contamination of clearcoat samples 
during their natural weathering was mentioned in case 
of FTIR analysis of automotive coatings for forensic pur-
poses [20, 64]. These results of outdoor weathering test 
in an industrial area are also the conclusive approve of 
the superior chemical resistance of acrylic polyurethane 
clearcoats, which was depicted in literature [3, 19].

CONCLUSIONS

The performance of the outdoor weathering exposure 
of the commercial automotive acrylic polyurethane top-
coat in the industrial area (Police, Poland) was studied 
using both chemical (XPS, FTIR) and morphological anal-
ysis as well as gloss measurements.

The morphology characterization of the investigated 
clearcoat demonstrated that after the 16-month envi-
ronmental weathering the coating surfaces become 
rough and protuberant spots of various sizes appeared. 
According to the results of surface chemical analyses of 
the exposed coatings (the XPS and FTIR methods), no 
evidences of polyurethane cross links degradation were 
noted. Finally, the features observed on the samples sur-
faces (after the exposure) were identified as atmospheric 
deposits consisting mainly of oxygen, calcium, phospho-
rus, iron, and silicon compounds and elemental carbon. 
The further results indicated that the mentioned surface 
contaminants may be removed from the exposed samples 

T a b l e  5.  The main FT-IR absorption bands registered for the clear topcoat of the unexposed black color coating

Frequency cm-1 Main assignments References
3379, 3450 ν(NH), ν(OH) [20, 48, 49] 

2931 ν as(CH2) [48, 49]
2859 ν sym(CH2) [48]
1723 ν (C = O) ester [20, 48, 50, 51]
1683 ν (C = O) urethane [48, 19]
1528 ν (C-N) + δ(N-H) (amide II) [48, 19, 52]
1460 δ(CH2) [48, 52]
1378 δ(CH3) [48]
1239 ν (C − O) ester or

ν (C-N) + δ(N-H) (amide III)
[48, 50, 53]

1147 ν (C − O) ester [48, 50, 53]
763 CH (out of plane – styrene) or isocyanurate ring [48, 50, 54]
701 = C − H (aromatic ring - styrene) [50, 54]
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by a car detailing cleaning method, which is commonly 
used in commercial car washes. 
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