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This work aims to improve the thermal efficiency of roof-coatings, by appropriate design of the samples. The
pigments that provide thermochromic features to organic coatings, in fact, are susceptible to rapid physical-
chemical degradation when exposed to atmospheric agents. Consequently, the study evaluated the effect of an
additional top-layer with the task of increasing the durability and thermochromic efficiency of the pigments. The
thermochromic pigment was analyzed by colorimetric analysis, infrared spectroscopy and optical and scanning
electron microscope observations, while their thermochromic efficiency was evaluated exposing them to several
thermal cycles. The protective properties of the coatings were assessed by electrochemical measurements, while
their durability was investigated by different accelerated degradation tests. Finally, the thermal properties of the
coatings were studied as a function of the degradation of the sample, to evaluate their thermochromic efficiency
over time. This work demonstrates that the durability of the pigment, and consequently the thermochromic
features of the coating, can be improved by applying an additional protective layer to the sample. Thus, this type

of sample can be employed as roof-coating, with high long-term thermochromic efficiency.

1. Introduction

Since 1990, there has been an increasing trend in worldwide energy
consumption [1], and recent research has estimated that global elec-
tricity consumption could more than double in the next 40 years [2].
Thus, the decrease in the dissipation of energy would be a key aspect for
fighting pollution and the correlated climate change issues. Buildings
are estimated to account for a third of the total amount of globally used
energy and for a quarter of the total CO5 emission [3], and 38 % of this
energy consumption is employed for the functioning of Heating Venti-
lation and Air Conditioning (HVAC) systems [3]. To counter this ten-
dency, the European Commission aims at reducing net greenhouse gas
emissions by at least 55 % by 2030 [4]. Roofs are the main source of
buildings heat storage, being exposed to direct solar radiation [5-7].
Materials able to improve the thermal properties of buildings exteriors,
and especially of roofs, would thus greatly reduce the energy expendi-
ture required for the HVAC systems [8-10].

‘Smart’ materials are defined as materials able to adapt and change
their aspect in response to external stimuli [11,12]. They cover a wide
range of applications: from the drug-delivery [13-15] and bioengi-
neering sectors [16,17] to the realization of coatings able to assume
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different outlooks based on environmental conditions [18-20]. Among
the ‘smart’ materials, thermochromic materials are particularly inter-
esting, as they are able to change color state as a response to temperature
fluctuations, in an irreversible or, more frequently, reversible manner
[21,22]. The transition between two color states occurs thanks to an
alteration in the equilibrium of molecules electrons, as a consequence of
the received external stimulus [23]. A variety of oxides display ther-
mochromic properties [24-26], which are employed to generate pig-
ments used for the formulation of both thermochromic inks and
polymers [27-29]. The thermochromic properties of a material are
theoretically limitless, and not dependent on the number of color tran-
sitions [21], making this kind of material very attractive for a wide range
of applications. Thermochromism is mostly applied in the textile in-
dustry [30-32], in the product packaging systems [33] and for the
design of industrial machineries and kitchen tools [34], but also for the
drawing of road markings [35,36] able to acquire a different coloration
in case of icy conditions [35].

One of the most promising developments in this perspective is rep-
resented by the use of thermochromic coatings for the exterior of
buildings. Thermochromic smart windows [37,38] have already been
developed to improve the thermal indoor comfort [39]. As roofs are the
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external part of buildings mostly exposed to solar radiation, the
employment of thermochromic roof coatings, able to change the color
state upon temperature fluctuations, would offer further benefits.
Different studies agree on the fact that thermochromic roof coatings may
improve the energy efficiency of buildings [20,40-43] by absorbing
solar energy at low temperatures and reflecting it at higher tempera-
tures, thus reducing the need for heating and cooling systems [41].
Thermochromic roof coatings were shown to mitigate the so called
‘urban heat islands’ effect, with an improved thermal control inside
buildings [44-46] with reduction in the use of energy and in the emis-
sions of CO, [47,48]. To date, the major limitation to the outdoor
application of thermochromic pigments is given by their poor chemical-
physical resistance to external aggressive agents, and in particular to
exposure to UV radiation [34,41,49,50]. Therefore, during the prepa-
ration of color-changing outdoor coatings some expedients are needed
to prevent pigment degradation [49,51,52]. In addition to the
weathering-induced degradation, another concern regarding the ther-
mochromic efficiency of roof coatings is related to soiling due to envi-
ronmental pollutants and dust. Indeed, when reflective materials are
soiled, a reduction in the solar reflectance is observed [53], therefore
reducing the desired thermal effect [54].

Therefore, the aim of the study is to improve the efficiency of ther-
mochromic coatings, able to resist aggressive degradation conditions,
thus suitable for outdoor uses. An additional clear-top coat layer was
introduced in the design of the coatings, to provide protection and to
enhance the thermochromic performances of the coatings. The ther-
mochromic pigments were characterized by means of scanning electron
microscope (SEM) and Attenuated Total Reflection (ATR) spectroscopy
analyses, while the esthetical features of the coatings were assessed
through color measurements. Moreover, the samples were exposed to
the climatic chamber, and subjected to continuous temperature fluctu-
ations below and above the color transition threshold, to evaluate the
thermochromic efficiency of the pigments. The protective features of the
coatings were investigated through electrochemical impedance spec-
troscopy (EIS) measurements, and their durability was assessed with
accelerated degradation phenomena induced by exposure to UV-A and
salt spray, and by fouling samples with soling agents. The protective
contribution provided by the additional clear top-coat layer was eval-
uated during the conducted aging tests, monitoring the thermal
behavior of the samples employing a specific lab-scale equipment.

2. Materials and methods
2.1. Materials

The thermochromic pigments were supplied by SFXC (Newhaven,
UK) and used as received. When heated above 28 °C, they turn from
“black” to “transparent” colors. The process is totally reversible
following cooling and reheating. The 10,466 IR Black chromium green-
black hematite dark brown pigment was provided by Vibrantz Tech-
nologies (Mayfield Heights, OH, USA). Acetone, Fe;O3, NaCl, CaSO4 and
humic acid were purchased from Sigma-Aldrich (St. Louis, MO, USA)
and used as received. The NaNOg reagent was purchased from J.T Baker
(Phillipsburg, NJ, USA). The carbon steel substrate (Q-panel type R
(0.15 wt% C - Fe bal.) - 40 mm x 70 mm x 2 mm dimensions) was
provided by Q-lab (Westlake, OH, USA). The waterborne 2 K acrylic-
based white primer paint ECOFILLER EQW and the waterborne 2 K
polyurethane-acrylate transparent top-coat paint IDROPUR ZW 01 were
supplied by EP Vernici (Solarolo, Ra, Italy).

2.2. Samples production

The carbon steel substrates were appropriately pre-treated before to
painting in order to enhance the coating's adherence. The metallic
panels were initially degreased with an ultrasound treatment in acetone
for 2 min. Thus, the mechanical pickling was completed employing a
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sandblasting procedure with corundum powder (0.2 mm diameter - 70
mesh), delivering the steel substrates a roughness [Ra] of 3.24 + 0.13
pm. Finally, an additional acetone degreasing procedure was carried out
to eliminate any potential contamination traces.

Three sets of samples were produced and characterized in this work,
as summarized in Table 1. Each of them was made up of a spray-applied
first layer of white acrylic-based primer. The samples were allowed to
cure in an oven at 60 °C for 30 min prior to the succeeding top-coat
application.

Subsequently, a top-coat layer was applied to the samples, modifying
the formulation of the polyurethane-acrylate transparent paint by add-
ing the specific amount of black pigment in sample B and thermochro-
mic pigment in samples T and TT. The paint mixtures were mechanically
mixed for 30 min prior to application, to guarantee the uniform distri-
bution of the pigments in the polymeric matrix. However, as thermo-
chromic pigments are known to suffer upon exposure to UV radiation, an
additional clearcoat layer made by the polyurethane-acrylate trans-
parent paint was applied on sample TT, with the aim of increasing the
durability of the thermochromic properties of the coating. In fact, as the
acryl-polyurethane paint is based on water-soluble acrylic modified
resins and aliphatic isocyanate, it is not susceptible to UV exposure.

Therefore, sample B was used as a reference during the various
characterization tests, representing a standard black coating devoid of
thermochromic features. On the other hand, sample TT was produced in
an attempt to enhance the thermochromic functions of the pigments
over time, comparing their performance with those of sample T.

2.3. Characterization

The low vacuum scanning electron microscope SEM JEOL IT 300
(JEOL, Akishima, Tokyo, Japan) was employed to assess the morphology
of the thermochromic pigment, while the optical stereomicroscope
Nikon SMZ25 (Nikon Instruments Europe, Amstelveen, the Netherlands)
was used to highlight their temperature dependent aesthetic features.
Moreover, FTIR infrared spectroscopy measurements were acquired in
attenuated total reflection (ATR) mode with a Varian 4100 FTIR
Excalibur spectrometer (Varian Inc., Santa Clara, CA, USA), to investi-
gate the chemical composition of the thermochromic pigment.

SEM observations were also employed to analyze the morphology of
the coatings, with the aim of verifying the compatibility between the
polymeric matrix and pigment. Thus, the aesthetic feature of the coat-
ings was evaluated with a Konica Minolta CM2600d spectrophotometer
(Konica Minolta, Chiyoda, Tokyo, Japan), using a D65/10° illuminant/
observer configuration in SCI mode.

The protective properties of the coatings were assessed with Elec-
trochemical Impedance Spectroscopy (EIS) measurements, using a
potentiostat Parstat 2273 (Princeton Applied Research by AMETEK, Oak
Ridge, TN, USA) with the software PowerSuit ZSimpWin (version 2.40)
and applying a signal of about 15 mV (peak-to-peak) amplitude in the
10°-1072 Hz frequency range. The cell setup was med of an Ag/AgCl
reference electrode (+207 mV SHE) and a platinum counter electrode,
immersed in the 3.5 wt% sodium chloride aqueous solution. The samples
were kept immersed in the test solution for a total of 7 days, analyzing a
testing area equal to 6.5 cm?. The measurements were carried out on five
samples per series.

Table 1
Samples nomenclature.
Sample  First layer Second layer Third layer
B White Top-coat +5 wt% black pigment /
primer
T White Top-coat +5 wt% thermochromic /
primer pigment
TT White Top-coat +5 wt% thermochromic Clearcoat
primer pigment
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Thus, the durability of the samples was investigated by means of
different accelerated degradation tests. The samples were exposed in a
climatic chamber ACS DM340 (Angelantoni Test Technologies, Perugia,
Italy), to evaluate the long-term efficiency of the thermochromic
reversibility of the pigment and the coatings. The temperature values
were alternated between 20 °C and 40 °C, for a total of 1500 cycles. As
the color transition temperature (28 °C) lies in between, during the test
the thermochromic pigment was forced to move from the black state to
the colorless state 1500 times. The thermochromic properties during the
climatic chamber test were assessed through color change measure-
ments and by recording the time for the sample surface to completely
change color upon heating.

Furthermore, the samples were characterized with the experimental
setup schematized in Fig. 1, adapted from previous studies [55-58], to
evaluate the effect of the thermocromic pigment on the thermal
behavior of the coatings. The testing setup involved a roof panel-sized
coated sample measuring 150 x 150 x 2 mm?® that was placed on a
roofless box measuring 200 x 270 x 200 mm® composed of poly-
urethane foam sheets. The sample under investigation was exposed to a
150 W IR-emitting lamp (Philips IR150R R125, Eindhoven, Netherlands)
placed at a distance of 260 mm. A thermocouple PT 100 (temperature
sensor) was located beneath the coating panel, to evaluate the temper-
ature transmitted by the panel inside the structure, defined as Tgys. The
thermocouple was connected to a Delta OHM HD 32.7 RTD (Delta OHM
Srl, Selvazzano Dentro, Italy) data logging instrument and the temper-
ature data were recorded every 5 s. The instrument was controlled by
Deltalog 9 software. The temperature evolution under the IR lamp
irradiation has been recorded by the thermocouples until a plateau was
reached (20 min). Thus the external surface temperature of the panels
Text was assessed employing an IR-camera FLIR T62101 (FLIR, Milan,
Italy). The IR-images were acquired 240 mm in front of the house model
set-up, approximately in correspondence of the thermocouple. The
emittance of each sample was assumed to be 0.95.

The long-term efficiency of the coatings was evaluated interspersing
each thermal measurement with an accelerated degradation cycle ac-
cording to the ISO 20340:2009 standard [59], composed of:

e 72 h of alternate cycles of 4 h exposure to UV-A (340 nm) at (60 + 3)
°C and 4 h exposure to condensation at (50 + 3) °C, employing an
UV173 Box Co.Fo.Me.Gra (Co.Fo.Me.Gra, Milan, Italy) and following
the ISO 11507:1997 [60];
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e 72 h of exposure in salt spray chamber (Ascott Analytical Equipment
Limited, Tamworth, UK), in accordance with ISO 7253:1996 [61];
e 24 h at room temperature.

The thermal performance and aesthetic qualities of the samples were
determined after each degrading cycle. Moreover, FTIR infrared spec-
troscopy measurements were used to observe any potential chemical
decay of the coatings. Furthermore, to better explain the evolution of the
thermal performance of the coatings, the pigments alone were exposed
to UV-A radiation for 100 h, analyzing their physical-chemical degra-
dation with SEM observations and evaluating their residual thermo-
chromic efficiency by means of colorimetric analysis.

Finally, to determine the influence that soiling may have on the
thermochromic properties of pigments and coatings, the accelerated
soiling and weathering test was conducted according to the ASTM
D7897/18 standard [62], using a soiling mixture that simulates the
Miami climate (hot and humid). The soiling mixture was prepared
employing the following compounds:

Dust: a mixture of 0.3 g of iron oxide Fe;O3 powder (CAS 1309-37-1),
1.0 g of montmorillonite K10 powder and 1.0 g of bentonite, which
were transferred to 1 L of distilled water (suspension of 2.3 g/L).

e 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 CaS042H>0,
which were 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).

Thus, the samples were subjected to 3 stages of degradation test:

e Weathering: apparatus exposure before soiling: 2 cycles, each of

them composed of 8 h in UV-A chamber and 4 h of water conden-

sation 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;

e 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.

IR lamp
Thermal infrared camera
Sample 4
¢ .°y 0° 00" 0.0 0,°,
Top-coat | g .0... Py : .o.. o ....:... 260 mm \
Primer $
@s
Steel substrate v
Text
v .
I > !
Tsurf \
I~
™~ Thermocouple
Data logger
T/°C

Fig. 1. Experimental set-up employed for the thermal behavior measurements performed with the IR emitting lamp.
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The weathering steps were performed employing an UV173 Box Co.
Fo.Me.Gra, while the soiling mixture was sprayed above the sample.
Finally, the samples were dried under a 150 W IR-emitting lamp (Philips
IR150R R125) for 15 min. The thermal properties of the coatings were
then assessed by measuring the external and surface temperatures,
employing the setup depicted in Fig. 1.

3. Results and discussion

3.1. Pigments characterization

Fig. 2 exhibits the SEM micrograph of the thermochromic pigment,
which is composed of spherical particles with a diameter <10 pm,
mainly constituted of carbon and oxygen, as revealed by the EDXS
elemental analysis. The presence of spherical particles in the composi-
tion of thermochromic pigments has been already detected in previous
studies [49,51]: indeed, the thermochromic properties of these pigments
lie in the ability of the spherical particles to change from a colored state
to a colorless condition at the transition temperature of 28 °C. In this
specific case, beneath the threshold temperature of 28 °C the pigments
appear as black, while above 28 °C they turn transparent.

Fig. 3 reveals the appearance of the thermochromic pigment
observed with the optical stereomicroscope in the cold state, below the
color transition temperature of 28 °C (Fig. 3a), and at higher tempera-
ture (Fig. 3b). The powders were placed on a red colored support, to
better appreciate their chromatic change as a function of the applied
temperature. The two images highlight the relevant color transition of
the spherules from the black to the transparent state above the threshold
temperature of 28 °C.

Typically, thermochromic pigments consist of 3 different compo-
nents, each of which plays a specific role:

o the color precursor, which supply the pigment with its fundamental
color;

o the color developer [41,63], which confers the color shift via electron
acceptance/donation interactions with the color precursor [64];

e the solvent, able to regulate the transition temperature with its
melting point, promoting component migration [41,63].

This blend is enclosed in microcapsules, similar to the spherical
structures of the thermochromic powder characterized in this work,
which must ensure the proper functioning of the pigments [21,41,63].

Thus, the ATR infrared spectroscopy was exploited to investigate the
molecular composition of the thermochromic pigment. The ATR

Fig. 2. SEM micrographs of thermochromic pigments.
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spectrum is displayed in Fig. 4. The peaks obtained with the IR analysis
match with the ATR spectra of the 6(diethylamino)-1,2benzofluoran and
the oxydiphenol molecules [63]. Specifically, the peaks at 2915 cm ™!
and 2847 cm™! are associated with the stretches of the C—H groups of
the compounds. The signals at 1737 cm™! and 1551 cm ™! are instead
linked to the C=O0 functional groups and the bending of the N—H bond
of the dyethylamino-benzofluoran, respectively. The absorption band at
1462 cm™! is due to the aromatic region of the oxydiphenol, while the
peak at 1343 em! corresponds to the amine functional groups. The
signal at 1172 cm™! corresponds to the oxydiphenol C—O functional
group. Eventually, the intense peak at 811 cm™! is linked to the C—H
bonds of the aromatic regions out of the plane bend, present in both the
diethylamino-benzofluoran and the oxydiphenol molecules.

Given the ATR results, it is possible to speculate that the spherical
particles constituting the pigment are composed of a combination of 6
(diethylamino)-1,2benzofluoran and oxydiphenol. These two mole-
cules are already known to be responsible for the thermochromic
properties of other chromogenic pigments [49]. The presence of 6(dieth-
ylamino)-1,2benzofluoran and oxydiphenol in the spherules will thus
determine the black color of the pigment at low temperatures, and its
transparency at higher temperatures.

3.2. Coatings morphology and aesthetical features

The average thickness values of layers composing the coatings are
reported in Table 2.

Fig. 5 shows the SEM micrographs of the cross-sections of the three
sample typologies. The primer layer is equal for all the samples, and
possesses a thickness of about 60 pm. Sample B and sample T have a
pigmented top-coat of thickness of about 40 pm and 100 pm, respec-
tively. The different thickness of the two top-coats, made up of the same
paint, is probably caused by the different molecular composition of the
two pigments (black for sample B and thermochromic for sample T),
which modify the rheology of the polymeric matrix and the yield of the
spray deposition. Rather than controlling the uniformity of the thick-
nesses of the coatings using alternative deposition techniques, such as
the use of a film spreader, the various layers were applied by spray, as it
is one of the simplest and most used processes in the industrial sector.
This choice has made it possible to highlight the impact of the addition
of pigments on the yield of the spray deposition process. With this
consideration, during all the deposition processes, the same amount of
material was applied per single deposition, equal to about 0.125 L/m?,
as specified by the paint manufacturer, observing however considerable
changes in the thicknesses of the second layer between the three series of
samples B and T/TT. The layers containing the thermochromic pigments
are clearly visible in Fig. 5b and Fig. 5c, as they present the spherules
(dark in color) homogeneously dispersed within the polymeric matrix.
Finally, sample TT sample has a further transparent layer, about 60 pm
thick, which makes its coating the thickest of all, equal to about 210 pm.
Consequently, the three samples possess coatings with different overall
dimensions: this aspect can have a non-negligible impact on their pro-
tective and durability performance.

Fig. 6 represent the surface of the as-prepared samples in the cold
state and in the hot state, above the threshold temperature of color
transition (28 °C). Sample B, devoid of thermochromic pigments, does
not exhibit any temperature-dependent color variation. Differently, the
surface of samples T and TT appears white at high temperatures. Indeed,
the paint applied for the top-coats is transparent and the thermochromic
pigment appears as colorless above the color transition temperature.
Thus, the overall appearance of the surface of the two samples is
determined by the color of the underlying primer layer, which is actually
white. Moreover, since the appearance of the samples T and TT is very
similar in both thermal states, the additional clearcoat in the sample TT
does not significantly affect the aspect of the coating.

Table 3 reports the colorimetric coordinates of the samples, ac-
cording to the CIE-L*a*b* method [65]. Accordingly, a color is described
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Fig. 3. Optical stereomicroscope micrographs of the thermochromic pigment: (a) below the color transition temperature of 28 °C and (b) over the transition

temperature value.
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Fig. 4. ATR spectrum of the thermochromic pigment.
Table 2

Coatings thickness.

Sample  First layer Second layer Third layer Total coating
(um) (pm) (pm) (pm)

B ~ 60 ~ 40 / ~ 100

T ~ 60 ~ 100 / ~ 160

TT ~ 60 ~ 90 ~ 60 ~ 210

by three coordinates: L*, the lightness, goes from 0 (black) to 100
(white); a* indicates the red-green coordinate (a* > O for red and a* <
0 for green); b* indicates the yellow-blue scale (b* > 0 for yellow and b*
< 0 for blue) [66,67]. As confirmed by the images in Fig. 6, the color
coordinate values of samples T and TT are comparable in both the cold
and hot states. In contrast, sample B, which contains a different pigment,
shows slightly distinct color coordinate values, resulting in an overall
divergence in appearance in the cold state, compared to the two ther-
mochromic coatings.

Thus, the color change AE of the samples between hot and cold state
was calculated as a function of the three color coordinates, to evaluate
the impact of thermochromic pigments on the appearance of the coat-
ings. The value of AE was computed, according to the ASTM E308-18
standard [66], as follow:

AE = [(AL') + (Ad) + (a2 ],

The consequent color change between the cold state and the hot state
is reported in Table 4. As samples T and TT change from a dark black
color to white, the value of AE value provoked by the thermal change
reaches 57-58 points, demonstrating a significant visual variation in the
coatings.

The difference between the behavior of samples T and TT is reflected
in a change of AE of approximately 1 point. Since the literature defines a
value of AE > 1 as necessary to be appreciated by the human eye, it can
be stated that samples T and TT exhibit comparable visual and ther-
mochromic characteristics.

Ultimately, the thermochromic pigment, well distributed in the
polymeric matrix of the top-coat, provides the samples with an intense
color, as well as aesthetic and functional features, responsive to a spe-
cific thermal stimulus.

3.3. Coatings protective properties

The protective properties of the paints were studied through Elec-
trochemical Impedance Spectroscopy (EIS) measurements. The Bode
impedance module at low frequency (1072 Hz), |Z|0.01), was monitored
for one week, and its evolution is shown in Fig. 7. All three samples show
|Z]0.01y values higher than 10° Q-cm? which is considered as the
threshold value for a coating to be ‘protective’ [68,69]. While sample T
and sample B display a similar trend of |Z|(.01), sample TT shows much
higher |Z|(0.01) values, thanks to the presence of the clearcoat, which
causes a substantial increase in the overall thickness of the coating (see
Table 2). During the immersion time, a slightly increased in the
impedance module |Z|.01) was observed for the three samples series.
This trend does not represent an improved protection of the coating, but
it is likely explained by poor adhesion between the coating and the
substrate. As a consequence, the test solution penetrates, and the
swelling of the coating results in the increased Bode module. This
behavior has been previously discussed in other works [57,70], high-
lighting the issues related to the waterborne nature of the paint. How-
ever, the similar outcome of samples B and T suggests that the
thermochromic pigment behaves like a normal pigment for paints,
without introducing significant defectiveness in the organic matrix of
the coating. Furthermore, the application of a clearcoat in sample TT
results in a evident improvement of the protective performance of the
coating, which exerts a substantial barrier effect in favor of the metal
substrate.

Ultimately, thermochromic pigments can be used as aesthetic
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top-coat

Fig. 5. SEM micrographs of the cross section of (a) sample B, (b) sample T and (c) sample TT.

T 1T

o . - .

Hot state

Fig. 6. Photographs of the samples both in cold and hot states.

additives in waterborne paints, as they do not compromise their pro-
tective performance. Obviously these protective properties, associated
to the barrier performance of the polymer matrix, can be improved
simply by increasing the thickness of the coating, by applying multi-
layers, as in the case of sample TT.

3.4. Coatings durability

3.4.1. Climatic chamber exposure

If the chromogenic coatings are intended for outdoor applications,
they are likely to be subjected to continuous temperature fluctuations
beneath and above the color transition threshold. Thus, an accelerated
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Table 3
Colorimetric coordinates of the samples according to CIEL*a*b*.
Sample Cold state Hot state
Li: ai( b* L"k a* b*
B 27.24 2.36 1.26 27.24 2.36 1.26
T 26.47 1.16 0.04 84.7 0.2 4.56
TT 26.36 1.24 0.03 83.37 0.33 5.05
Table 4
AE values of the three series of samples between the cold and hot states.
Sample B T TT
AE / 58.42 57.23
10" T T T 3 B
o1
E TT
10° 4 E
(\7\ -
€
O
'XE i
£ 10°7 3
o ]
_‘é ]
N 107 |
10° T T T
0 50 100 150

Time (h)

Fig. 7. Bode impedance modulus |Z|( 1) evolution with time.

test in a climatic chamber was performed, to determine whether the
number of temperature fluctuations may negatively affect the thermo-
chromic properties of the coatings. Fig. 8 illustrates the overall color
change AE observed during the climatic chamber exposure test, relative
to the coatings' initial cold and hot states. As expected, sample B
revealed high color stability, with no significant color variation. On the
other side, higher AE values were observed for samples T and TT, sug-
gesting a slight decay of the thermochromic efficiency of the pigments as
a result of the continuous thermal shifts. The behavior of the two sam-
ples in the cold state is comparable, and is correlated to a limited

6 _l T T T T T T
5 _— A -------- LPyersreeniemesiens Dyessessesnenn A ]
] S A,
4 A
4 4 B —=
] A
] —A—cold
i M hot
y : ;
4 [ole]
] T hot
2 a2
1 2 el
T ¥ T ¥ T ¥ T % T ¥ T L T =
0 250 500 750 1000 1250 1500

Cycle

Fig. 8. Total color variation during the climatic chamber exposure test.
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colorimetric shift (final AE =~ 1), representative of the pigment ability to
return to its starting color. Otherwise, the pigments showed a greater
color shift in the hot state, associated with a reduction of L* by 1-2
points, as they slightly lose the ability to become completely trans-
parent. This phenomenon is limited in sample TT, with AE values
varying between 1 and 2 during the test, while it is more evident in
sample T, which shows a color shift of 4-5 points. The results suggest
that the presence of the clearcoat layer in sample TT increases the
durability of the thermochromic pigment. This third polyurethane-
acrylate layer is able to protect the delicate spherical structures of the
pigment, ensuring its functionality and reversibility even after various
changes in temperature.

Besides the color stability, the other considered parameter during the
climatic chamber exposure test is the response time of the total color
change, i.e., the time required for the coating for the transition from the
colored to the colorless state. Fig. 9 reports the time required for the
complete color change, as a function of the number of thermal cycles.
Despite the response time necessary for the total color change was
measured in the same conditions during the test, some small fluctuations
were observed, which may be due to the experimental setup. However,
no significant changes in the response time were observed, neither for
sample T nor for sample TT. This outcome suggests that the thermo-
chromic properties of the pigment are not affected by the number of
times of color transition, and the spherical particles constituting the
pigment are still able to change from the color state to the colorless
condition.

Ultimately, the thermochromic efficiency of the pigment is ensured
over time and its chromatic reversibility is almost complete even after
numerous thermal cycles. Although the transparency of the pigment is
slightly reduced following sudden changes in temperature, a clearcoat
has been shown to be able to limit this phenomenon, ensuring consistent
long-term chromatic reversibility to the thermochromic spherules.

3.4.2. Thermal behavior

The chromogenic properties of the pigments were also assessed
employing a specific degradation test, employing the setup depicted in
Fig. 1. Fig. 10 displays the evolution of the plateau temperatures during
the degradation test. Sample B sample shows higher temperatures (both
Text and Ty f) compared to samples T and TT. In fact, the transparency of
the thermochromic pigments above 28 °C reveals the white color of the
primer: sample T and sample TT, which are lighter, absorb less energy
than the black coating B, with a consequent decrease in the temperature
measured on the external surface of the panel (Tey). This phenomenon

54 +—1—————1——1———7——T———

52 1

50+

48

T—e—
46 -

Time (s)

44

T b T T LS T
500 750 1000 1250
Cycle

40 -+ T T T
0 250 1500

Fig. 9. Response time of the total color change of the samples, as a function of
the number of thermal cycles.
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Fig. 10. Coatings thermal behavior.

has also slight repercussions in lower Tg,f values for the thermochromic
coatings.

While the external temperatures of T and TT remained almost un-
changed during the degradation test, the surface temperatures display a
little increase with the degradation cycles. It should be specified that
small changes in the measured temperatures may be caused also by the
setup employed in the measurements. However, the temperature values
of sample T are tendentially slightly higher than those of the corre-
sponding sample TT. The additional clearcoat of sample TT performs the
dual function of protecting the pigment from atmospheric agents and
increasing the thickness of the insulating coating against heat flow.

ATR measurements were also performed on each sample series
before and after the accelerated degradation test, to identify eventual
chemical and structural changes evolved in the coatings. Fig. 11 shows
the outcome of the analyses. The presence of the pigments added to the
top-coat paint cannot be appreciated by the IR analysis, as their repre-
sentative peaks are covered by the signal of the polyurethane-acrylate
matrix of the transparent top-coat paint. Thus, the ATR spectra for the
three sample series are the quite identical. The region between 3400 and
3300 cm ™! is related to the NH bond, present in the urea and urethane
functional groups. The absorption peaks at 2933 and 2862 cm ! are
correlated to the stretching vibration of the CH and of the CH; groups.
The peak at 1724 cm ™! is related to the carbonyl groups, and the peak at
1684 cm™! is due to the stretching vibrations of the urethane and urea
carbonyl groups [71]. While the peak at 1528 cm ™! is due to the
stretching of the NH group [72], the absorption bands at 1460 and 1379
cm ! are typical of the CH, aliphatic groups. Moreover, the two peaks at
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Fig. 11. Evolution of the FTIR spectra of the samples before and after 5
degradation cycles.
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1238 and 1142 cm ™! are due to vibrations of the N—H bond and of the
coupled C—N and C—O bonds. The peak at 843 cm ™! is attributed to the
stretching of the C—H bond, while the intense signal at 764 cm ™! cor-
responds to the symmetric stretching vibrations of the ester bond C-O-C
[731.

No evolution of the FTIR spectra was observed during the degrada-
tion test. Indeed, the polyurethane-acrylate paint is highly resistant to
exposure to UV radiation [74] and, as the pigment is not detected by the
IR analysis, the spectra remained reasonably unchanged after the
degradation cycles.

Thus, the three sample typologies seem to be highly resistant to
degradation based on UV-A/salt spray exposure. However, colorimetric
analyses performed after each degradation cycle revealed changes in the
appearance of the samples during the test. Fig. 12 reports the total color
variation AE during the accelerated degradation test, both in the cold
state and in the hot state. Coating B showed high color stability, with AE
values close to 0. Differently, the color of samples T and TT resulted to be
significantly affected by the degradation test. In the cold state, the two
samples exhibited a continuous increase in color change, with a very
similar trend. However, the intensity of this color variation is reduced in
sample TT. The color variations are even more evident in the hot state,
but also in this case sample TT revealed greater stability, while sample T
showed a rapid aesthetic change. The two samples exhibited same
values of AE only after the fourth degradation cycle. These results
indicate that the presence of the clearcoat layer in sample TT improves
the wheatering stability of chromogenic properties of the coating, pro-
tecting the pigment from degradation due to exposure to UV-A radiation
[75] and salt spray solution and promoting its long-term durability.

To determine the effect of the UV radiation on the chromogenic
pigment, the spherules were exposed for 100 h to UV-A rays. Fig. 13a
and Fig. 13b show the SEM and the stereomicroscope micrograph of the
thermochromic pigments in the cold state after the UV-A exposure,
respectively. The SEM observation (Fig. 13a) evidenced a partial
degradation of the spherical structures of the pigments: the comparison
with the spherules of the pigment before exposure to UV-rays (Fig. 2)
highlights a structural change, associated with holes in the spheres
which should contain ad protect the three thermochromic components.
A similar phenomenon has already been analyzed in a previous work
[49], which demonstrated the poor durability of this type of pigment
when exposed to UV radiation. This physical degradation of the spher-
ical structures affects the thermochromic functionality of the pigment,
as shown in Fig. 13b. The image acquired with the optical stereomi-
croscope after exposure to the UV-A radiation shows the appearance of
the pigment in the cold state. If compared with the intact pigment shown
in Fig. 3, the powder in Fig. 13b reveals a chemical-physical
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Fig. 12. Total color variation during the accelerated degradation test.
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Fig. 13. Thermochromic pigment after 100 h of UV-A exposure observed at SEM (on the left) and optical stereomicroscope (on the right) in the cold state.

degradation, as it is no longer able to return completely black below the
transition temperature. As the pigment black coloring is determined by
the spherical particles, their breakup induced by the UV radiation in-
volves the loss of the three thermochromic components, with conse-
quent reduction of the black coloring of the pigments.

To quantitatively evaluate their degradation, the pigments were
placed on the single white primer, taken as a reference, and subjected to
colorimetric measurements. The color coordinates of the primer are the
following: L* = 94.3, a* = —0.8, and b* = 1.5. Table 5 reports the dif-
ference between the color parameters of the pigment and the white
primer, both in cold and hot conditions. Before undergoing degradation,
the pigment in the cold state was very dark, and consequently the AE
compared to the white primer reached high values, exceeding 67 points.
Once the threshold temperature of 28 °C was exceeded, the pigments
became transparent and revealed the color of the white substrate.
However, the AE value with respect to the primer is not negligible, but is
around 10 points, to represent the incomplete transparency of the
pigment. In fact, the brightness of the pigment (L*) is about 10 points
lower than that of the white primer. Consequently, these pigments
possess a limitation in their thermochromic efficiency and in their
ability to become completely transparent.

However, following exposure in the UV-A chamber, the pigment
degradation was evidenced by the colorimetric measurements. Indeed,
the values of AE decrease in the cold state and increase in the hot state,
revealing a clear departure from the aesthetic features expressed before
the degradation test. In the cold state the pigments appear less dark,
while they lose their transparent efficiency in the hot state.

Consequently, the physical degradation of the spherules highlighted
in Fig. 13 has repercussions on the thermochromic performance of the
pigment in both thermal states. This loss of thermochromic efficiency
explains the different thermal behavior of the samples during the
degradation test, as well as the evolution of the color change highlighted
in Fig. 12. In general, the performance of sample TT is better than that of

Table 5
Color difference of the pigment with respect to the white layer in the cold and
hot states, both before and after the degradation test.

Cold state (with respect to
white primer)

Hot state (with respect to
white primer)

AL Aa Ab AE AL Aa Ab AE
Before —67.8 1.9 1.6 67.8 -9.6 1.0 3.1 10.1
degradation
After -46.6 60 83 477 -295 83 215 374
degradation

sample T, thanks to the presence of the clearcoat which acts as a pro-
tective film for the thermochromic pigments. By reducing the phe-
nomena of pigment degradation, sample TT is able to exhibit greater
thermochromic activity over time, which translates into better thermal
performance.

3.4.3. Effect of soiling and weathering

Fig. 14 summarizes the evolution of the external and superficial
temperatures, recorded after 20 min of exposure under IR lamps, ie.,
when the plateau is reached. The soiling accelerated test does not seem
to affect the samples thermal properties. Indeed, no significant changes
in the plateau temperatures were observed. As expected, sample B shows
higher plateau temperatures respect to samples T and TT, while similar
temperatures were recorded for the two thermochromic coatings. Small
fluctuations in the thermic measurements may be due to small variations
of the testing conditions, associated with the experimental setup.

After 6 cycles of soiling and weathering, color measurements were
performed, both in the hot and cold states. The color was measured both
on the soiled samples and on the samples after removal of the soiling
mixture with water. The AE values with reference to the initial cold and
hot state of the samples, both before and after removal of the soiling
mixture with water, are reported in Table 6. If the color of sample B was
not affected by the test, the same is not true for the other two sample
typologies. In the cold state sample TT reveals a much reduced color
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Fig. 14. Temperature evolution during the soiling test.
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Table 6
AE values of the three series of samples after the soling test.
Sample Cold state Hot state
AE soiled AE clean AE soiled AE clean
B 2.42 0.22 2.42 0.22
T 14.19 14.51 25.85 23.98
TT 4.53 3.95 23.63 22.10

variation than sample T. Thus, these results provide a further confir-
mation of the protective role of the additional clearcoat layer of sample
TT, which increases the durability of the thermochromic coating, pre-
venting its degradation due to exposure to aggressive conditions. The
behavior of the two thermochromic coatings is instead similar in the hot
state, since the degradation of the pigments mainly involves their dif-
ficulty in returning to their natural color in the cold state, acting less on
their transparency features. This phenomenon has already been exten-
sively investigated in previous literature studies [49,51]. Therefore,
even a limited degradation such as that which occurs in sample TT re-
sults in a significant color change in the hot state, similar to that
observed in sample T. Consequently, the thermal performances in the
hot state of the two thermochromic samples are very similar, as shown in
Fig. 14.

However, despite the degradation undergone by the thermochromic
pigments and their relative loss of transparency, the temperatures
measured in proximity of sample B are always higher, as the coating
always appears much darker than that of the two thermochromic coat-
ings. Ultimately, regardless of the type of accelerated degradation test,
the presence of the protective layer in the TT sample results in better
thermal performance over time.

4. Conclusions

This work has the purpose of optimizing the deposition of thermo-
chromic coatings, improving their durability and long-term efficiency.
The thermochromic features of the coatings have been introduced by
specific pigments, which demonstrated excellent compatibility with the
organic matrix of the layer. These pigments revealed excellent coloring
power, as well as high responsibility to thermal stimuli.

The thermochromic pigments did not compromise the protective
performance of the coating, as assessed with EIS measurements. The
investigations highlighted the useful contribution of the additional
clearcoat layer of sample TT, which shows an increased barrier effect
against the absorption of aggressive solutions and ions.

The exposure of the pigments to several thermal cycles confirmed
their highly thermochromic efficiency and good chromatic reversibility.
The clearcoat of samples TT adequately protected the pigments,
ensuring also consistent long-term chromatic reversibility to the ther-
mochromic spherules.

The exposure of the samples to accelerated degradation test revealed
physical degradation of the spherules, with consequent reduction of
their thermochromic performance in both thermal states. This phe-
nomenon not only has consequences on the aesthetics of the samples,
but also on their thermal performance as roof-coatings. However, the
pigment decay may be limited by the clearcoat layer of sample TT,
which exhibited improved thermochromic activity over time, which
translated into better thermal performance.

Ultimately, the thermochromic pigments underwent to degradation
phenomena also as a result of the Soiling and Weathering test, associated
to loss of transparency. Again, the additional clearcoat layer of sample
TT demonstrated to be able to reduce the physical decay of the pigment,
ensuring better thermal performance over time.

In conclusion, thermochromic pigments are quite delicate materials,
whose outdoor applications are limited by a poor durability to external
agents. However, a specific design of the coating, composed of an
additional protective layer, enables their use in roof-coating
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applications, the purpose of which is the reduction of heat absorption
inside housing structures. Clearly, further efforts could be focused on the
synthesis of UV-shielding additives to be incorporated in the clearcoat.
This approach would serve to enhance the thermochromic durability of
the coating.
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