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Abstract: The effect of over‐heating in urban areas, called the urban heat island effect (UHI effect),
is responsible for greater energy consumption for cooling buildings. Several reflective near‐infrared
(NIR) coatings, called cool coatings have proved to be effective for contrasting the UHI effect. The
thermal and appearance properties of cool coatings depend on the color and they often have been
studied only at the initial state, without undergoing atmospheric degradation and soiling. In this
work, the thermal, visual and durability behaviors of red and brown polyester‐based organic
coatings for roof applications were studied. All samples were subjected to accelerated degradation
cycles composed of UV‐B and salt spray chamber exposure. The sample degradation was assessed
by infrared spectroscopy, gloss and colorimetric analyses. Moreover, the thermal behavior was
studied by means of a simplified experimental setup. Finally, a soiling and weathering test was
conducted to simulate the soiling of three years’ external exposure. Despite the phenomena of
chemical degradation and a decrease in aesthetic properties, the samples maintain their thermal
performance, which is not even influenced by dirt products. In addition, NIR pigments significantly
improve the thermal behavior of brown coatings.
Keywords: roof coating; thermal behavior; coil coatings; NIR pigments; accelerated degradation
cycles; soiling

1. Introduction
Buildings are responsible for approximately 40% of energy consumption and 36% of CO2
emissions in the EU [1]. The increasing population in cities and the consequent expansion of urban
areas has led to a worsening in the so‐called urban heat island effect (UHI effect) [2,3]. The term
describes built‐up areas that are hotter than nearby rural areas. The annual average air temperature
of big cities (with one million people or more) can be up to 3 °C warmer than the nearby rural areas
during the daytime. During the evening, when the sun has set, this difference expands to even 12 °C
[4]. The heat that is stored during the day by buildings, roads and other construction is re‐emitted
slowly after sunset, creating significant temperature differences between the city and the rural
surroundings where the heat escapes more rapidly [5–7].
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The reasons for the UHI effect are due to different factors, the most important of which are [8]:








Geometry of buildings that reduce the long‐wave radiation loss from street canyons. Urban
constructions replace the cold sky hemisphere radiating back an even greater amount of
radiations.
Usage of high absorbing materials such as concrete, asphalt and coated metal sheets.
Furthermore, the replacement of natural soil in urban areas led to heat accumulation because the
heat cannot be drained by evapotranspiration as instead happens in rural areas.
Anthropogenic heat released by combustion and by animal metabolism.
The urban greenhouse effects.
The reduction of evaporating surfaces led to an increase in sensible heat instead of latent heat.

Heat islands can affect communities by increasing summertime peak energy demand [9], air
conditioning costs, air pollution and greenhouse gas emissions, heat‐related illness and mortality [4].
Urban warming has a serious impact on the energy consumption of urban buildings by increasing
the energy and the electric power necessary for cooling needs. In parallel, higher ambient urban
temperatures increase the concentration of certain pollutants like tropospheric ozone, deteriorate
thermal comfort conditions in cities, exacerbate health and indoor environmental problems and result
in a serious increase in the global ecological footprint of the cities [10]. Santamouris et al. [11] have
observed that the peak energy demand per degree of temperature may rise between 0.5% and 8.5%.
The threshold ambient temperature over which the electricity consumption starts to increase is for
most of the cases around 18 °C.
The potential increase in the peak electricity demand triggered by ambient warming is also high.
Existing studies show that the peak electricity demand increases from 0.45% to 4.6% per degree of
ambient temperature rise. This corresponds to a penalty of about 21 ± 10.4 W per degree of
temperature rise per person [11].
The rising energy costs and the increasing energy consumption, together with increased
environmental awareness, has led to focused research on developing different strategies for
contrasting the UHI effect.
Infrastructures play a fundamental role in urban temperatures [7,12–16]. The development of
green areas, both vertical and horizontal, the use of materials with high albedo (the portion of the
incident radiation that is reflected by a surface) and the intelligent layout of buildings to promote
ventilation are strategies that have been found useful to mitigate the UHI effect.
A very common way to increase the albedo of a coating is to use light color pigment in order to
increase the reflectivity in the visible part of the solar radiation. Coatings containing rutile (TiO2)
white pigment are the most effective because they have high reflectance both in the visible and in the
near‐infrared (NIR) range [17]. However, their color is not suitable for many applications, especially
for roofs. Alternatively, since 55% of the solar power arrives on the surface of the earth in the form of
infrared radiation, NIR‐reflective pigments are inserted into organic coatings. In this way, a reduction
of the heat absorbed by the coating is obtained without modifying its aesthetic properties [18,19]. The
real effectiveness of these paints, however, depends a lot on their color. These are called “cool
coatings” since they show a high thermal emittance which induces a fast heat release to the surrounding
environment. Cool coatings, also for roof applications, have been widely studied [7,20–31].
However, cool coatings have to face several issues related to degradation phenomena due to
dangerous atmospheric agents. Among the different weathering agents, the incoming UV‐B radiation
is recognized to affect and alter the aesthetical properties of many polymeric matrices, thus
decreasing the functional and aesthetical properties of the coatings [32,33]. Therefore, nowadays the
studies focused on roof coatings mainly deal with the maintenance of the protective, as well as
thermal, performance of the polymer layers, as a function of exposure to aggressive environments
and or aging agents.
This work focuses on the study of high albedo commercial coatings for roof applications
produced by means of coil coating and their degradation and soiling exposure. Coil coating is a high
efficiency and cost‐effective production technique that allows metal coils to be painted very quickly.
The semifinished products such as steel and aluminum strips are painted inline in the industrial
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plant, significantly reducing the production time and costs, maintaining high quality. The
reproducibility of the manufacturing process, the relatively low cost and the reduced environmental
impact have contributed to increasing the use of the coil coating process [34–36]. Carbon steel and
aluminum are the main substrates employed in these processes. In the case of steel, in order to ensure
better weathering performance, an inline galvanization of the sheet is foreseen before painting.
Furthermore, in recent years an improvement in aesthetic aspects has been achieved with the
development of a very large color palette, with the possibility of having surface texturizations and
different gloss levels. These aspects have led to an increase in the use of coil coatings in many
industrial fields [37–40]. Coil coatings are widely used in the construction field, both for walls, facades
and roofs. They can be applied both directly as coils, and as an external and protective part of building
panels, where reduced building time, low cost and ease of maintenance are required [41]. The
literature offers some articles that are devoted to the behavior of these products in a natural
environment [42–44]. For these applications, particular colors and textures have also been developed
in order to reflect the traditional finishes in bricks and tiles so as not to entail aesthetic problems or
urban and building regulations issues.
Nowadays, the need to develop more and more durable coatings and the increasing attention of
the building market to energy saving and efficiency issues, triggered the development of coil coatings
with NIR pigments to be used to mitigate the heat absorbed by buildings. This represents a very
important aspect since sheet metal roofs have significantly higher heat transmission values than
traditional roofs that use ceramic materials such as cement, tiles, bricks or wood, which could lead to
possible users not considering the use of coil coatings in many applications. It is, therefore, significant
to understand whether the use of NIR pigments in coil products can improve their thermal
performance by justifying an increase in the cost of the coil product.
This work, therefore, aims to study coil coatings that use paints with NIR pigments compared
with traditional products trying to employ procedures that can simulate the real application of the
coil material. Thinking about the use of these products painted as roofs, the two colors that are most
used in the field of housing coverings have been identified. Red and brown commercial coatings
containing NIR pigments have been characterized in this study. The cross‐section and NIR pigments
distribution were studied by means of scanning electron microscopy (SEM) observations. The
variation of thermal efficiency, aesthetic properties and coating degradation were subsequently
analyzed as a function of artificial cycles composed of artificial UV‐B light and salt spray chamber
exposure. Finally, the soiling effect on the coatings’ thermal behavior was assessed. The two coatings
were compared with their respective standard layers, free of NIR pigments. Due to this study it was,
therefore, possible to verify the effect of NIR pigments and the color of the polymer matrix on the
performance of layers used as roof coatings.
2. Materials and Methods
2.1. Sample Preparation
A hot‐dip galvanized low carbon steel substrate for coil coating was used as a small‐scale roof
panel. Hot‐dip galvanized steel panels (supplied by Marcegaglia Carbon Steel (Ravenna, Italy)) were
degreased with an alkaline detergent (Condorine SG 503 AL) and pretreated with a chemical
conversion process based on complex oxide (Condorcoat NB 100) [45]. After, the treatment with
Condorcoat NB 100 the material was rinsed with tap water, demineralized water and finally sent to
a further final passivation step performed with a passivating agent based on inorganic zirconium and
fluorinated salts (Condorcoat EC 900) [46]. The passivation layer that is created on the surface of the
material aims at providing adhesion of the paint film. After the passivation processes, the sheets were
coated with a polyester‐based primer. The primer was cured in a gas‐fired oven, reaching a peak
metal temperature (PMT) of 250 °C, and cooled down in water. Coated metal sheets were captured
just before the application of the topcoat. The application of the topcoat was performed due to the
use of a wire‐wound coating bar, also known as a draw‐down bar. The advantage of using such a bar
(compared, for example, to simply drawing down with a palette knife) is that a prespecified amount
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of wet paint is laid evenly on the substrate producing films of repeatable thickness [47]. Depending
on the width and depth of the grooves on the bar, different film thicknesses can be achieved. The
samples were produced with a wire‐wound rod to obtain a wet film thickness of 36 μm. The curing
of the paint was conducted in an electric oven with a revolving plate (Aalborg company, Orangeburg,
NY, USA) at 350 °C for 19 s to obtain a peak metal temperature of about 220 °C. Subsequently, the
samples were removed and cooled down in a water bath for 20 s and finally dried with a compressed
air gun. All the samples measure 210 mm × 130 mm with a thickness of 0.5 mm. As shown in Table
1, two different color topcoats were provided by Isva Vernici Srl (Torino, Italy): brown and red colors
correspond to RAL 8017 (Chocolate brown) and RAL 3009 (Oxide red) [48,49], respectively, which
are the most popular colors for roof applications.
Moreover, the samples were compared with standard coating for roof applications, free of NIR
pigments, in order to study the effect of these fillers.
Table 1. Coatings color, with relative nomenclature.
Sample Nomenclature
Red
Red‐N
Brown
Brown‐N

Pigments
standard
NIR
standard
NIR

RAL Code
3009
3009
8017
8017

The chemical nature of the pigments is described in Table 2, provided by the supplier and
confirmed by EDS measurements. The values shown in the table are normalized, without considering
the carbon and oxygen elements, which represent the major constituents of the polymer matrix and
consequently would have altered the results of the analysis on the pigments.
Table 2. Normalized mass in percentage (%) of elements in the samples. A high content of carbon and
oxygen are obviously found (not reported), coming from the polymeric nature of the binder.
Element
Si
Ti
Fe
Zn
Cr
Ca

Red
8.86 ± 0.28
12.95 ± 0.28
35.34 ± 0.63
33.49 ± 0.62
‐
‐

Red‐N
9.65 ± 0.22
10.95 ± 0.18
65.08 ± 0.92
39.21 ± 0.92
‐
‐

Brown
10.69 ± 0.64
9.42 ± 0.38
55.73 ± 1.92
13.33 ± 0.54
‐
‐

Brown‐N
8.96 ± 0.52
5.30 ± 0.24
55.58 ± 1.86
12.39 ± 0.50
11.36 ± 0.44
0.64 ± 0.08

Regarding the red coatings, the product containing the NIR‐reflective pigments possesses a
greater concentration of iron respect to the Red standard layer. In fact, iron oxide (Fe2O3) is widely
used as a red pigment and it is considered also a NIR‐reflective pigment [50]. The higher content of
iron oxide should enhance the reflectivity in the IR range due to the increased opacity to IR [51]. On
the other hand, the NIR pigments in the brown products contain chromium, another element used to
increase the reflectivity in the IR range [51]. Otherwise, there are no major differences between the
elementary analysis of the two brown topcoats.
2.2. Characterization Techniques
The thicknesses of the different coatings were measured with the Phynix Surfix digital thickness
gauge (Neuss, Germany). The surface morphology and pigment distributions were investigated with
a low‐vacuum SEM (JEOL IT 300, Akishima, Tokyo, Japan).
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All the samples were, therefore, subjected to 4 cycles of accelerated degradation. Each
accelerated degradation cycle was composed as follows:




Seven days (168 h) of UV‐B exposure in an irradiation chamber in accordance with the ASTM‐
G154‐06 standard [52] using a fluorescent light source (UV‐B 312‐EL Hg lamp) with an irradiated
power of 600 W/m2. The total amount of UV‐B exposure was set to 672 h.
Seven days (168 h) of salt spray in an Ascott CC IP salt spray chamber, following the ASTM
B117/18 standard [53]. The total amount of salt spray exposure was set to 672 h.

During exposure to degradation cycles, the edges of the samples were not protected, in order to
simulate the real behavior of the material in roof coatings applications.
After each degradation cycle all the samples were characterized by measuring their thermal
performance as well as their appearance properties. The surface modifications upon exposure in the
aging cabinets were studied by means of FTIR, gloss and colorimetric analyses. The FTIR spectra
were acquired by performing an FTIR spectroscopy (Varian 4100 FTIR Excalibur spectrometer, Santa
Clara, CA, USA) on each sample to assess the chemical modifications of the polymeric matrix. Five
gloss measures were performed for each sample in accordance with the ASTM D523/14 (2018) [54]
standard with an Erichsen 503 instrument. The geometry at 60° was exploited because it is the most
appropriate for medium gloss organic coating. A Konica Minolta CM‐2600d spectrophotometer
(Chiyoda‐ku, Tokyo, Japan) was employed for the colorimetric analyses. The data were collected
using a D64 illuminant with an observer angle of 10° and an aperture diameter of 10 mm. These
measurements were done in accordance with the CIELab color space method [55].
For each coating sample, three color measurements at three different positions on the surface
were collected. The data were represented as the arithmetic mean of the obtained data points.
The organic coating’s thermal behavior was assessed employing the experimental setup
depicted in Figure 1. The samples under investigation are located as roof panels on a small‐scale
polystyrene foam (XPS) made a house model with a plane roof. Each coating sample was subjected
to a 150 W IR‐emitting lamp (Philips IR150R R125, Eindhoven, Netherlands) placed 26 cm above the
samples.

Figure 1. Schematic description of the small‐scale houses utilized as support for the roof panels for
thermal measurements. The red dots represent the thermocouples that were attached behind the
metal sheet and inside the house models at 4 cm from the floor. The thermocouples were connected
to a data logger.

Two thermocouples PT 100 were located on the rear surface of the metal sheet on the bottom of
the small‐scale houses. A Delta OHM HD 32.7 RTD data logger was employed to collect the
temperature values (sampling: one per minute) for about 35 min after switching on the lamp and an
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additional 25 min after the lamp was switched off. These timings were necessary in order to achieve
a constant temperature called Plateau Temperature (Tplateau). In this work, the Tplateau,sup and Tplateau,int
are the temperatures reached at 1620 s (27 min) by the lower face of the samples and by the
thermocouple within the small‐scale house, respectively. The distribution of the temperatures on the
frontal surface of the roofs panel was monitored by using a Geo Fennel FTI 300 thermal imaging
camera (Baunatal, Germany).
Further tests for investigating the surface wettability were conducted at the initial state and after
the fourth degradation cycle. The tests were performed following the ASTM D7334/08 [56] standard
practice. A Nikon 60 mm lens f/2.8 for macro pictures was used and the wetting angle was measured
by using the NIS‐Elements Microscope Imaging software (Windows Version). The drops were
formed with a syringe and dropped from a height of about 2 cm. Once the drop was focused the
picture was captured, the wetting angle was measured by means of the imaging software. Six
measurements were performed for each sample to obtain statistical validity.
Finally, the accelerated test for the soiling and weathering of the samples was carried out in
accordance with the ASTM D7897/18 [57] standard practice. This new standard has been specially
developed for the soiling and weathering of roofing materials, simulating 3 years of field exposure.
An aqueous mixture of 4 soiling agents, specifically selected for simulating the natural soiling due to
dust, living vegetation and smog, was sprayed on the sample. The soiling mixture is composed of the
following agents:





Dust: a mixture of 0.3 g iron oxide Fe2O3 powder (CAS 1309‐37‐1), 1.0 g of montmorillonite K10
powder and 1.0 g of bentonite, transferred to 1 L of distilled water (suspension of 2.3 g/L).
Salts: a mixture of 0.3 g of sodium chloride NaCl, 0.3 g of sodium nitrate NaNO3 and 0.4 g of
calcium sulfate dihydrate CaSO4 2H2O, transferred to 1 L of distilled water (solution of 1.0 g/L).
Particulate organic matter (POM): 1.4 g of humic acid (CAS 1415‐93‐6) diluted in 1 L of distilled
water (solution of 1.4 g/L).
Soot: 0.26 g of carbon black (Vulcan XC‐72) diluted in 1 L of distilled water (solution of 0.26 g/L).

Following the standard, this composition of the soiling mixture simulates the Miami climate.
This composition was chosen because it contains higher soot and humic acid content. In fact, the soot
is the main responsible for the drop in thermal properties. The test sample is prepared in three stages:




Weathering: apparatus exposure before soiling: 2 cycles, each of them composed of 8 h in UV‐A
chamber and 4 h of water condensation at 50 °C and a final dry under the infrared lamp;
Soiling: spray the mix of dust, salts, organic matter and soot and dry under the infrared lamp;
Weathering: apparatus exposure after soiling: 2 cycles, each of them composed of 8 h in UV‐A
chamber and 4 h of water condensation at 50 °C and a final dry under the infrared lamp.

The water condensation was performed in an Erichsen Hygrotherm 519 SA humidostatic
chamber (Erichsen, Hemer, Germany). The soiling mixture was sprayed, placed 30 cm above the
sample, until the wet soiling mass was 8 ± 1 mg/cm2. The samples were dried under a 150 W IR‐
emitting lamp (Philips IR150R R125) for 15 min. After the drying each sample was covered with
randomly distributed soil spots with a diameter ranging between 1 and 3 mm as prescribed in the
standard. The thermal properties were evaluated after the soiling and weathering procedure for all
the samples. Therefore, the samples were gently cleaned under tap warm water to remove all the
impurities and dirt. After the cleaning process the thermal properties were re‐evaluated to exploit
the differences. The detailed procedure is described in the ASTM D7897/18 [57] standard practice.
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3. Results and Discussion
3.1. Pigment Recognition and Coatings Defects
The protective system thickness was measured with the thickness gauge (see Table 3).
Table 3. Total thickness of the protective system (topcoat + primer).
Sample Nomenclature
Red
Red‐N
Brown
Brown‐N

Thickness (μm)
25.9 ± 1.9
25.0 ± 2.0
24.4 ± 2.2
26.2 ± 3.1

The data shown in Table 3 are the result of the average of five measurements per sample, carried
out on five samples for each type of coating (25 measurements in total). The four series of coatings
have comparable dimensions: their different properties and performances are, therefore, not
influenced by different thicknesses of the protective layer.
However, the data obtained by the thickness gauge represent the sum of the thicknesses of the
primer and the topcoat. In order to differentiate the dimensions of these two layers, the samples were,
therefore, studied in cross‐section through SEM observation. Figure 2 shows the section of the Brown
sample: in addition to the topcoat and the primer, the zinc layer formed following the hot‐dip
galvanizing process is observable. The thickness of the topcoat is approximately 20 μm, while the
zinc layer possesses thicknesses comparable with the primer, slightly greater than 6 μm. These values
of thickness are comparable for all types of samples being studied.

Figure 2. SEM cross‐section image of sample Brown. From the bottom: the white layer represents the
zinc layer, above which there is the primer, about 6 μm thick, and finally the topcoat.

Consequently, the samples observed at SEM were also analyzed by EDS techniques, to assess
the dispersion of the pigments in the polymeric matrix. In Figure 3, it is possible to observe the SEM
images of the red samples at different magnifications.
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Figure 3. SEM images of red samples. (a,b) Images of the Red sample at increasing magnifications.
(c,d) Images of the Red‐N sample at increasing magnifications.

The pigment dispersion is uniform, while their dimensions vary between 1 and 2 μm. Moreover,
some pores are observed: these bubbles are up to 5 μm large. They can be due to the fast curing
process used in the coil coating production: the curing and evaporation of solvents in paints take
place very quickly (less than 30 s). In the layers closed to the surface, the solvents evaporate very
quickly and undergo very rapid cross‐linking. Sometimes, it could happen that the underlying
solvents are not able to evaporate and then they remain trapped in the coating under the cross‐linked
external layer. A bubble occurs when the solvent vapor seeps through the paint film skin without
causing it to rupture [58]. In this case, the porosity does not affect the appearance of the coating
because it does not warp the coating surface. On the other side, this defectiveness could affect the
protective behavior of the organic coating, reducing the barrier effect. The appearance of the red and
brown samples is the same.
3.2. Coatings Degradation
3.2.1. Changes in Chemical Structure
FTIR spectroscopy measurements were conducted on each sample at the initial state and after
each UV‐B/salt spray chamber degradation cycle. FTIR is very useful for monitoring the chemical and
structural changes in the coatings during the degradation cycle.
Figure 4 shows the evolution of the FTIR spectra of the four samples, as a consequence of the
degradation cycles, while Table 4 summarizes the main peaks assigned to the functional group.
No particular differences are observed among the four samples, according to the similar
chemical nature of the binder. The only differences probably lie in the additives and pigments that
are not detected with the FTIR analysis (the corresponding contributions are hidden by the intense
absorption peaks of the polymeric matrix).

Coatings 2020, 10, 514

9 of 19

Figure 4. FTIR spectra of (a) sample Red, (b) sample Red‐N, (c) sample Brown and (d) sample Brown‐
N as a function of the degradation cycles.
Table 4. Main IR transmission bands of analytical interest identified for all the samples.
Peak (cm−1)
989, 1071, 1475
1160,1105
1240
1375
1388, 1475
1720
2870
2970

Functional Group Assignment
bending C=O
C‐O‐C aliphatic ester
C–O
bending CH3
bending CH2 aliphatic
stretching C=O
stretching CH–
stretching CH2–

Taking the sample Red as an example, a general broadening of the peaks is observed (Figure 4a)
with the accelerated aging cycles. Notice, in particular, the peak at 1720 cm−1 associated with the C=O
group. The general broadening can be due to the degradation of the polymeric binder and to the
surfacing of pigments on the surface, called chalking. The extent of degradation of the investigated
materials was evaluated based on the methodology presented by Gerlock et al. [59], who studied the
degradation of melamine coating, monitoring the photooxidation intensity by the disappearance of
the CHn band and appearance of OH and NH bands. The degradation process was monitored in
terms of photooxidation index (POI), which is defined as follows [60]:
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POI =

ୖୟୠୱሾୌ/େୌሿ௧
ୖୟୠୱሾୌ/େୌሿ

(1)

where Rabs[OH/CH]0 is the ratio between the peak’s height at 3400 cm−1 associated to the OH group
and the peak at 2970 cm−1 associated to the CH2 at the initial state, while Rabs[OH/CH]t is the same
ratio but after a certain degradation. The peak at 3400 cm−1 was not observed in the samples at the
initial stage but appears bigger and bigger as the degradation increases.
Figure 5 shows the evolution of the POI value as a function of the degradation cycles. The POI
increases very steeply after the first degradation cycle and then it tends to stabilize. The NIR pigments
seem to slightly promote photooxidation phenomena, especially in the fourth degradation cycle, both
for coating Red‐N and coating Brown‐N. In general, brown coatings suffer most from these
degradation cycles, with slightly higher POI values than their respective red layers.

Figure 5. Photooxidative index photooxidation index (POI) as a function of the degradation cycles.

3.2.2. Visual and Aesthetical Evaluation
Chemical degradation phenomena are often associated with a variation in the aesthetic
performance of the product. The samples were, therefore, subjected to color and gloss measurements,
to verify their change as a consequence of the degradation cycles.
Table 5 summarizes the gloss values of the four coatings before exposure to degradation cycles.
Table 5. Initial state gloss measurements at 60° for all the samples.
Sample
Red
Red‐N
Brown
Brown‐N

Gloss (GU)
31.8 ± 0.1
31.2 ± 0.1
37.5 ± 0.2
31.7 ± 0.2

The loss of gloss was used to follow the surface features’ evolution of the samples. In fact, when
a pigmented film degrades, the surface gradually roughens due to the body of the binder being lost,
with a consequent loss of gloss. The particles of the pigments remain upon the surface in the form of
a loosely adherent fine powder: this process is termed chalking [61].
The gloss variation is shown in Figure 6. After the first degradation cycle, all the samples have
a high gloss retention: their gloss values are practically unchanged. Starting from the second cycle
the gloss values decrease: as the gloss is not uniform over the whole surface, the measurements are
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affected by high variability. This variability greatly decreases as the gloss stabilizes at very low
values. This sharp decrease in gloss is due to the chemical degradation of the coatings, with
consequent opacification. The performances of the four samples are very similar to each other, as
previously observed in Figure 5. In this case, however, the great change of properties occurs only
after the second cycle, while the chemical degradation occurred mainly during the first cycle of
exposure to aggressive environments, as highlighted by the FTIR analysis (Figure 5). Since the surface
of the samples is not homogeneous and uniform, the measured gloss values are not constant. As a
result, high standard deviation values were measured in the second cycle.

Figure 6. Gloss evolution as a function of the degradation cycles.

The trend of the color variation ΔEab presented in Figure 7 is pretty different from that of the
gloss. The ΔEab grows uniformly with slopes that depend on the sample. No drops or peaks are
observed. The color retention seems to be related to the color itself: the red coatings, in fact, show a
faster change of color respect to the brown ones. After the fourth degradation cycle, all the
investigated samples show a similar, albeit limited, color change.

Figure 7. Color difference evolution ΔEab considering CIELab system as a function of the degradation
cycles.
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Figure 8 shows the pictures of the two NIR samples, taken as an example, at the initial state and
after the fourth degradation cycle. Exposure to aggressive environmental conditions led to the
evolution of several corrosion products. These are mainly due to the corrosion of the galvanized
surface under the coating: the zinc oxides developed where the sheet was cut, in areas not coated by
the paint. The zinc layer oxidized preferentially, protecting the underlying steel.
One of the problems of using coil coatings in many applications is related to the cutting of the
sheet which leaves the edges uncovered. These, therefore, are no longer protected either by the
galvanizing process or by the paint. The protection of the cut‐edges after the installation of the coils
would involve additional operations but above all additional costs that may no longer justify the use
of coil coatings from an economic point of view. For this reason, there are numerous works that study
the corrosion behavior of the coil with the edges uncovered to define the criticality of this aspect [62–67].
In the accelerated tests, therefore, the edges of the samples were not covered, in order to simulate as
much as possible the real use of the coil coatings, as previously described.

Figure 8. Red‐N and Brown‐N surfaces at the initial stage (a,c) and after the fourth degradation cycle
(b,d).

In all cases, at the end of the four degradation cycles, the surface of the samples is covered by
many blisters and cracks, as shown in Figure 9. Defects such as those shown in Figures 8 and 9
represent critical points related to the protective properties of the coatings. The physical integrity of
the coatings decreases with the degradation cycles. The protection properties expected from roof
coatings products are lost as a consequence of exposure in aggressive environments. The
performance of the coatings, however, are not influenced by the presence of the NIR pigments, since
all four samples showed similar behavior, with the development of defects of the same entity.
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Figure 9. Crack on the surface of sample Red‐N after the fourth degradation cycle.

3.2.3. Thermal Evaluation
After having ascertained that a chemical and appearance degradation of the paint has occurred,
it was also investigated whether the thermal properties have also been compromised. The thermal
performances of the samples were evaluated after each degradation cycle, using the model
schematized in Figure 1. The internal temperature is a measure of the flow of heat entering the house:
it depends on the reflectivity and emissivity properties of the external topcoat but also on the
emissivity of the rear surface of the sample. The same evaluation can be associated with the
temperature of the surface facing the IR lamp. If the emissivity of the rear surface is decreased, the
heat flux decreases but the temperature of the metal sheet sample increases.
Before subjecting the samples to the degradation cycles, their surface (Tsup) and internal (Tint)
plateau temperatures were measured, as shown in Table 6.
Table 6. Superficial (Tsup) and internal (Tint) temperatures of the samples before the degradation cycles.
Sample
Red
Red‐N
Brown
Brown‐N

Tsup (°C)
55.2
54.0
72.9
58.1

Tint (°C)
38.2
38.2
47.6
38.8

While there are no major performance differences between the two red coatings, the NIR
pigments in the brown coating promote the reduction of both the superficial and internal temperature
values.
Figure 10 shows the evolution of the plateau temperatures as a function of the degradation
cycles.
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Figure 10. Plateau temperature of (a) red coatings and (b) brown coatings as a function of degradation
cycles.

Comparing the red samples with the brown ones, the latter, being darker in color, have a lower
intrinsic reflectivity. Thus, higher temperatures are measured during the test. The addition of NIR
pigments, however, greatly improves the reflectance and emissivity properties of the Brown‐N
coating, whose thermal performances are similar to the red layers.
The thermal behavior of the coatings is not substantially affected by the degradation cycles.
Despite a change in gloss and color that occurs after the second exposure cycle, the coatings maintain
their initial thermal performance. The severe physical deterioration shown in Figures 8 and 9 is,
therefore, not associated with a decrease in the thermal features of these coatings, which offer
adequate guarantees as products for roof coatings.
3.2.4. Contact Angle Measurements
Changes in the wettability of the surface can affect the dirt pick up properties of the coating. The
wettability of the samples was, therefore, measured before and after the degradation test (fourth
cycle). The results are tabulated in Table 7.
Table 7. Contact angle measurements (θ) at initial state (t = 0) and after the fourth cycle (t = 4 cycles).
Sample
Red
Red‐N
Brown
Brown‐N

θ t = 0 (°)
82.1 ± 1.6
82.9 ± 2.5
79.5 ± 1.9
79.3 ± 1.8

θ t = 4 cycles (°)
44.8 ± 14.4
38.4 ± 22.2
44.0 ± 5.0
55.7 ± 9.6

The exposure to aggressive environments inevitably led to a decrease in the contact angle, due
to the chemical and morphological degradation of the coatings. However, despite the high levels of
photooxidation and color change, the Brown‐N coating seems to be less affected by the degradation
cycles, with final contact angle values higher than the other samples. On the other hand, the results
of Table 7 show high standard deviation values: in fact, the wettability was not uniform on the whole
surface, probably due to the presence of low surface tension components or contaminants. This great
dispersion of results must be taken into consideration when making such measurements.
Finally, Figure 11 shows, as an example, what was observed with the Red‐N sample.
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Figure 11. Contact angle measurements of sample Red‐N (a) before and (b) after the degradation
cyclic test.

3.3. Effect of Soiling and Weathering
The accelerated soiling and weathering test was carried out following the ASTM D7897/18 [57]
standard practice on each sample. The results are summarized in Table 8. The presence of dirt on the
surface of the samples does not seem to affect their thermal performance. After washing the coatings,
slightly lower temperatures were measured, both internal and external. On the other hand, such
minimal differences can also be due to the measurement setup.
Table 8. Comparison of plateau temperatures, both external and internal, between soiled samples and
washed samples. ΔText and ΔTint are the differences between the soiled samples compared with the
washed samples for external and internal plateau temperatures, respectively.
Sample
Red
Red‐N
Brown
Brown‐N
Primer

Text,wash (°C)
54.16
54.51
74.51
55.49
50.80

Tint,wash (°C)
37.81
36.51
46.43
36.61
32.32

Text,soil (°C)
55.54
55.02
74.78
54.04
52.42

Tint,soil (°C)
38.22
37.86
46.41
36.69
33.59

ΔText
1.38
0.52
0.19
−1.45
1.62

ΔTint
0.41
1.36
0.00
0.08
1.27

On the basis of these results, the test was conducted also on a sheet coated with just the primer
without the topcoat. This further test was carried out in order to examine how the soiling process
affects a light color, as the primer is light gray colored. Differently, an increment of the plateau
temperatures is clearly observed in the primer sample. This is probably due to the fact that the dirt,
in particular the humic acid and carbon black, decreases the reflectivity of coatings. Since red and
brown represent dark colors, they possess low reflectivity in the visible range (11% for red and 7%
for brown). As a matter of fact, the study on which the ASTM standard is based [12] takes as a
reference a white single‐ply membrane.
It is, therefore, deduced that dirt influences the thermal properties of the coatings acting mainly
in the field of reflectance of the visible range. Dark‐colored coatings, which already possess low
intrinsic levels of reflectance in the visible range, such as those studied in this work, therefore, suffer
little from these soiling processes.
4. Conclusions
This work aims to characterize and to assess the thermal and degradation performances of
different polyester‐based organic coil coatings for roofing application, highlighting the differences
between the colors (red and brown) and between the standard and NIR‐reflective products.
First of all, FTIR measurements have shown a continuous chemical degradation of the coatings
following exposure in an aggressive environment, highlighted especially immediately after the first
degradation cycle. The brown samples suffered greater degradation phenomena, whose
photooxidation seems to be accentuated by the NIR pigments.
After the second cycle, the gloss values tend to decrease, with a consequent change of the color
of the investigated coatings. In this case the results do not seem to be influenced by the color of the
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coating or by the presence of particular NIR pigments. All the samples, after the fourth degradation
cycle, show high defects, cracks and corrosion products.
The thermal performance of the samples does not seem to suffer from degradation cycles and
from the defectiveness developed during the exposure in aggressive environments. On the other
hand, the thermal properties depend very much on the color of the coating: the brown samples, being
darker and less reflective, allow greater absorption of heat flow inside the model used for the thermal
characterization tests. The measured temperatures of the Brown‐N sample, however, are significantly
mitigated thanks to the addition of NIR pigments. Finally, the samples were subjected to soiling and
weathering tests, which however did not show significant changes in the thermal performance of the
coatings. The dirt in fact seems to mostly influence light‐colored layers, with high reflectance in the
visible range.
Ultimately, the samples studied in this work represent good products for roof coatings
applications: the thermal performances are in fact not influenced by the aging and soiling processes,
despite phenomena of chemical degradation, color change and gloss. Furthermore, the presence of
NIR pigments, while not radically changing the properties of the red color coating, significantly
improves the thermal behavior of dark layers, such as the brown layer.
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