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ARTICLE INFO ABSTRACT

Keywords: Waterborne coatings have garnered much attention and gradually occupied the coating market recently due to
Polyurethane the significant advantages in volatile organic compound emissions compared with solvent-borne coatings.
Waterborne Waterborne polyurethane coatings are a majority portion of waterborne coatings. Unlike solvent-borne coatings,
NIR reflectance . . . . . . .

Pigment the film formation of waterborne coatings occurs in an inhomogeneous phase, which brings a challenge for

pigmentation in waterborne coatings. However, the influence of pigment on film formation and the property of
waterborne polyurethane coating remain unclear. In this study, the different contents of commercial black near-
infrared (NIR) reflective pigments were incorporated into both commercial and synthetic waterborne poly-
urethane systems. The film formation process was monitored by multispeckle diffusing wave spectroscopy. The
impact of the pigment content on dry films was assessed through scanning electron microscope, color and gloss
measurements, dynamical thermal analyzer, and tensile testing. Furthermore, the thermal insulation perfor-
mance of the waterborne polyurethane coatings was evaluated to study the function of the NIR reflective pig-
ments. Our findings reveal that the addition of black NIR reflective pigments yields a multifaceted effect on film
formation and coating morphology and improves thermal insulating property. Elevated pigment content

correlated with increased crosslinking density, tensile stress, and Young’s modulus.

1. Introduction

The principle of green chemistry is reducing or eliminating the use of
hazardous materials [1]. In the coating industry, two major categories of
polymeric coatings are solvent-borne and waterborne, classified by the
types of solvent carrier. The evaporation of volatile organic compounds
(VOCs) causes flammability and inhalation risk, which violates the
green chemistry principle. Also, strict regulations limit the use of VOCs
in coatings in many countries [2,3]. Therefore, waterborne coatings
have gained favor among customers and manufacturers because of their
low VOC emission, low flammability, and other benefits. Nowadays,
waterborne coatings are gradually replacing solvent-borne coatings,
with the global market projected to reach 140.7 billion dollars by 2030
[4].

Pigments are important ancillary materials in industrial paints that
not only introduce color to the binders but also bring other special
properties like flame retardant and corrosion resistance [5-9]. Unlike
soluble dyes, pigments are insoluble solids and are suspended in binders
with unaffected physical and chemical properties. There are two types of
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pigments—inorganic pigments and organic pigments. Inorganic pig-
ments contain metal oxide, sulfide, or salt, and organic pigments always
contain carbons, along with other elements [10]. Compared with pig-
ments of other colors, black pigments like carbon black absorb visible
light (400-700 nm), as well as near-infrared (NIR) light (700-2500 nm)
which accounts for approximately 50 % of solar radiation to store heat
[11-15]. Black pigments are mainly used in paints for exterior walls and
roofs. If a “cool” paint can reflect NIR radiation, it will decrease the
absorption of solar energy by buildings and paved surfaces to alleviate
the “heat island effect.” It is estimated that if the reflectance of a
building’s roof is increased to 40 %, the electricity used for air condi-
tioning in summer will be reduced by 20-40 % [16]. Therefore, black
NIR-reflective pigments are worthy of research and application due to
their potential to significantly lower energy consumption.

Pigments that have high NIR reflectivity are ideal for these “cool”
coatings, as they can provide coatings that are similar in color to con-
ventional pigments but can reflect near-infrared light instead of
absorbing it. A bunch of studies have incorporated different black NIR-
reflective pigments in the coating system to investigate the coating’s
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thermal insulating properties. You et al. developed black NIR-reflective
coatings by incorporating the CuO nanoparticles into the solvent-borne
epoxy binder. The effects of shapes and mass percentages of CuO
nanoparticles on the spectral reflectance properties were investigated
[17]. Martini et al. compared the crystallinity degree of commercial and
synthetic black pigments on the coating thermal insulation behavior in
waterborne acrylic coatings [18]. However, these studies mainly focus
on the final properties of coatings and the characteristics of NIR-
reflective pigments. Rare studies investigated the influences of NIR-
reflective pigments on the coating formation process—monitor the
coating formation process and link it to the final coating film properties,
especially in the context of waterborne coatings.

The film formation process in solvent-borne and waterborne coatings
is different. As illustrated in Scheme 1, in a solvent-borne system, most
of the solvent evaporates rapidly while the polymer chains entangle with
each other and form a solid film. The rest of the solvent will further
evaporate through the polymer network over a long period. This process
occurs in a uniform and homogeneous phase. In contrast, in a water-
borne coating, the prepolymer is kept stable in the aqueous phase by
introducing hydrophilic groups. After the application of a waterborne
coating, water gradually evaporates, causing the polymer particles to
tightly contact and pack as spheres. With further water evaporation, the
system’s viscosity sharply increases, causing particles to deform into a
hexagonal structure. Subsequently, with the coalescence and interdif-
fusion between polymer particles, a uniform film is formed. Simulta-
neously, the remaining water in the coating rises to the surface and
evaporates [19-21]. Unlike solvent-borne coatings, the film formation
of waterborne coatings occurs in an inhomogeneous phase, which makes
it possible to leave some defects or voids for waterborne coatings due to
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Scheme 1. Film formation of waterborne coating (left) and solvent-borne
coating (right).
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the air invasion and uncomplete closure of interstices during coating
formation [22,23].

Therefore, a substantial opportunity exists for further exploration of
the film formation and waterborne coating properties after incorpo-
rating the NIR-reflective pigments. Also, based on the research experi-
ence in waterborne non-isocyanate polyurethane (WNIPU) development
in our research group, it is needed to study the pigmented WNIPU
coating to further expand its applications. In general, the property-
processing relationship of NIR-reflective pigments in waterborne coat-
ings is worth further understanding, especially in waterborne non-
isocyanate polyurethanes. In this study, the commercial NIR-reflective
pigments were incorporated into two waterborne polyurethane coat-
ings: one is a commercially used waterborne polyurethane (WPU) and
the other is a lab-synthesized WNIPU based on our previous research
[24]. Following the application of the coating, the film formation was
monitored by multispeckle diffusing wave spectroscopy (MS-DWS). The
morphology of the cured films was examined using a scanning electron
microscope (SEM). Additionally, the properties including glass transi-
tion temperature and tensile properties were characterized by a
dynamical thermal analyzer (DMTA) and tensile test, respectively. The
impact of film formation on the coating properties was delved.
Furthermore, the thermal insulation performance of WPU films was
assessed using a thermal camera.

2. Experimental
2.1. Materials

The copper chromite black spinel pigment (HEUCODUR® Black 9-
100) was generously provided by Heubach (Germany). The commer-
cial WPU (Varathane 200241H Water-Based Ultimate Polyurethane)
was purchased from Amazon. 3,3-diamino-N-methyldipropyl-amine
(DMDPA, 96 %, 145.25 g mol ™), tetrabutylammonium bromide (TBAB,
>98 %), bisphenol A diglycidyl ether (DGEBA, 340.41 g mol™!), and
acetic acid (>99.7 %) were purchased from Sigma-Aldrich. Ethanol (200
proof) was purchased from Fisher Scientific. PRIAMINE 1075-LQ (GD)
dimer fatty acid diamine (FDA) was kindly provided by CRODA (UK). All
materials were used as received without further purification.

2.2. Synthesis of waterborne non-isocyanate polyurethane (WNIPU)

The synthesis of WNIPU was based on our previous report [24]. In
summary, 150.0 g of DGEBA was firstly subjected to a reaction with CO4
catalyzed by 5.0 g TBAB at 130 °C for 96 h, yielding the DGEBA-based
cyclic carbonate. Secondly, 15.0 g DGEBA cyclic carbonate, 5.0 g
DMDPA, and 18.5 g fatty acid diamine were mixed in ethanol under Ny
atmosphere and heated to 75 °C for 8 h to produce the amine-terminated
NIPU. After cooling to room temperature, 23.0 g DGEBA was added to
the mixture and stirred for 1 h. Then, an equivalent amount of acetic
acid based on the quantity of DMDPA was added to the mixture to
neutralize the product under stirring for 1 h. Here the molar ratio of the
cyclic carbonate group/epoxy group/amine group was 1:1:2. Finally,
the NIPU polymer was dispersed in deionized water, followed by solvent
removal using a rotary evaporator. The solid content of the waterborne
NIPU was 27.4 wt%, identical to that of the commercial WPU.

2.3. Dispersion of NIR-reflective pigments in waterborne polyurethane
coating

To prepare the pigmentated waterborne coating dispersion, the
corresponding amount of pigment was added to the waterborne poly-
urethane coating and mixed using the ultrasonic processors (Cole-
Parmer, IL, US) for 10 min. The pigmented coating formulation is listed
in Table 1 and each formulation is named according to the type of
coatings and the pigment content. For instance, ‘WPU-1" denotes the
commercial WPU containing 1 wt% of pigment, while ‘WNIPU-1’
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Table 1
The coating formulation and its characteristic values (wt%).

Pigment content WPU content Water content

WPU-0 0 27.4 72.6
WPU-1 1 27.1 71.9
WPU-5 5 26.0 69.0
WPU-10 10 24.7 65.3
WPU-20 20 21.9 58.1
WNIPU-0 0 27.4 72.6
WNIPU-1 1 27.1 71.9
WNIPU-5 5 26.0 69.0
WNIPU-10 10 24.7 65.3
WNIPU-20 20 21.9 58.1

represents the synthesized WNIPU with 1 wt% of pigment. The pigment
content was determined based on the total weight of the dispersion. Due
to the addition of pigment, the solid content and water content in the
waterborne coating were recalculated, as indicated in Table 1.

2.4. Coating application

After the pigment dispersion, the waterborne polyurethane coatings
were applied on the QD-36 steel panels (Q-Lab Corporation) using a
drawdown bar with a wet film thickness of 150 pm. The touch-free films
were obtained within 1 h. Subsequently, the samples were left at room
temperature for 7 days to allow the formation of mechanically robust
dry films with a thickness of 45 pm.

2.5. Characterization

The film formation process was monitored by the CurinScan optical
film formation analyzer, which is based on the multispeckle diffusing
wave spectroscopy (MS-DWS). The testing was conducted by FOR-
MULACTION Scientific Instruments (OH, US) [24,25]. This testing was
performed on the waterborne coatings applied to the QD-36 panels, with
a wet film thickness of 150 pm.

The morphology of the pigment was characterized by the trans-
mission electron microscope (TEM, Tecnai G2 F20) at 200 kV. The dry
coating films were captured by the scanning electron microscope (SEM,
Hitachi S-2600 N) at 5 kV.

Thermogravimetric analysis (TGA) was performed using a TA In-
struments Q500. 10 mg samples were heated to 600 °C at a steady rate of
10°Cmin~ ! under a nitrogen atmosphere (10 ml min 1) and maintained
at 600 °C for 10 min.

The viscoelastic properties of the coating films were assessed by the
dynamical thermal analyzer (DMTA, Q800, TA Instruments) in tension
mode, with a constant frequency of 1 Hz. Self-standing films were peeled
from the substrates and cut to approximately 15 mm in length and 10
mm in width. The samples were cooled to —30 °C and heated to 150 °C
at a rate of 3 °C min~?.

Tensile testing was carried out with an Instron 5567 testing machine
(Instron Corp) at room temperature, with a moving speed of 5 mm
min~!. Self-standing films were peeled from the substrates and cut to
approximately 30 mm in length and 10 mm in width. Average data were
obtained from five duplicable tests for each sample.

The CIELAB values and 60° gloss of waterborne coating films were
measured by the color & gloss meter (BYK, Wesel, Germany). The re-
ported results represent the average values obtained from 5 different
spots on the films.

3. Results and discussion
3.1. Drying kinetics of the waterborne polyurethane coatings

MS-DWS is an effective method for monitoring the drying process
and determining the critical time for each stage during curing. The
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testing procedure involves a laser illuminating the sample, with photons
being backscattered by the materials within the sample. These back-
scattered photons are then detected by a video camera and presented as
an interference image, referred to as a ‘Speckle image’. As film formation
occurs, the motion speed of scatters within the sample changes, thereby
affecting the intensity fluctuations in the speckle image. Through the
monitoring and analysis of variations in the speckle image, the dynamics
of particles or structural changes could be obtained during the curing
process [25,26].

Fig. 1 displays the micro-dynamic (mD) behavior of the commercial
WPU as the function of time, while the results of synthetic WNIPU can be
found in Fig. S1. The stage preceding involves water evaporation and the
packing of the prepolymer. As the particles draw closer with the evap-
oration of water, the collision of particles leads to variation in mD [27].
The critical time characterized as the end of this stage is defined as t.;.
Subsequently, the coalescence stage involves further water evaporation,
packing, and interdiffusion of the prepolymer, resulting in the formation
of the cured film, with t. representing the end of this stage. The critical
times (t;; and t.y) for each sample are listed in Table 2. The results
indicate that both t.; and t.o slightly decrease with the addition of the
pigment and then gradually increase with further increasing of pigment.
For instance, t.; steadily decreases from 24 min (WPU-0) to 20 min
(WPU-5), after which it increases to 26 min (WPU-20), exceeding the
value for the neat sample, and t., behaves similarly, from 35 min (WPU-
0) decreases to 34 min (WPU-5) then increases to 54 min (WPU-20).
Initially, the addition of the pigment increases the solid content, facili-
tating particle packing and water evaporation. However, with a further
increase in the pigment content, the upper layer of the wet coat dries
rapidly, impeding dissipation within the coating. Consequently, the
system maintains high mobility for a period due to the extended drying
time. The pigmented WNIPU coating demonstrated a similar drying and
curing trend to that in WPU coating, and the influence of the pigments
on drying time is more significant than that in WPU. The tc; drops from
28 min (WNIPU-0) to 11 min (WNIPU-1), then increases to 22 min
(WNIPU-20). In summary, in the same WPU coating, pigment content is
the only factor that affects the drying. Adding appropriate pigments will
decrease the drying time, but excessive amounts will increase it. An
optimized amount of pigment is crucial for the drying/curing process in
the coating system.

3.2. Morphology of the waterborne polyurethane coatings

Fig. S2 features microscopic photos of the commercial WPU coatings,
while the rough surface of the synthetic WNIPU coating films prevented
the acquisition of micrographs for this material. In the images, the
pigment particles are represented in black, and the grey background
represents the WPU coating matrix. For the WPU-0 sample, some dark
lumpy substances are visible, which are the protruding polyurethanes
formed during the curing process. With an increase in pigment content,
the number of black spots noticeably increases, yet they remain well-
distributed. This observation suggests that the pigments were effec-
tively dispersed within the commercial WPU coating.

Figs. 2 and 3 show SEM images of the commercial WPU and the
synthetic WNIPU coatings. In these images, the tiny white spots repre-
sent pigment particles, while the dark grey areas represent the coating
matrix. As observed in Fig. 2 (a)-(e), with an increase in pigment con-
tent, a greater number of white spots appear without obvious agglom-
eration, some clusters appear, but the size remains relatively small,
consistent with the micrographs (Fig. S2). Additionally, randomly
distributed protrusions were observed in all films, corresponding to the
dark lumpy substances observed in Fig. S2. Fig. 2 (f)-(j) displays cross-
section micrographs of the commercial WPU coatings. The control
sample (WPU-0) exhibited a smooth surface, and as the pigment content
increased, more wrinkles appeared from WPU-1 to WPU-5. However, no
significant change was observed with further increases in the pigment
content.
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Fig. 1. Micro-dynamic of the commercial WPU coatings: (a) WPU-0, (b) WPU-1, (c) WPU-5, (d) WPU-10, and (e) WPU-20.
Table 2 white spots compared to the commercial WPU coatings. These spherical
aves . . . . structures in the synthetical WNIPU can diffuse light, resulting in a
Critical time during the waterborne coatings film formation process. . g i .
significantly lower gloss than that of the commercial WPU coatings
teg (min) tez (min) (Gloss in Table 3) [28,29]. The formation of these spherical structures
WPU-0 24 35 can be attributed to the heterogeneity during the curing process.
WPU-1 23 33 Initially, the wet coating forms a drying top layer while the interior part
xgg-?o ;g 2‘2‘ remains wet. The mechanical mismatch between the dry surface and the
WPU-20 2% 54 wet interior, along with shrinkage due to water evaporation, causes
WNIPU-0 28 47 deformation and the formation of spherical structures on the surface
WNIPU-1 11 23 [30]. With a higher pigment content, the particles obstruct the move-
xggg-?o 1; ;; ment path of interior water, leading to more pronounced surface
WNIPU:20 22 43 deformation. In the cross-section of WNIPU-0 (Fig. 3 (f)), folds at the

For the synthetic WNIPU coating films, as depicted in Fig. 3 (a)-(e),
spherical structures appeared on the coating surface. As the pigment
content increased, more spherical structures formed, accompanied by an
increased presence of white spots, albeit at a lower concentration of

WPU-1

WPU-0

WPU-5

surface were observed, likely resulting from the constriction of water-
borne polyurethane particles during the curing process [31].
Furthermore, with the incorporation of increasing amounts of pig-
ments into the synthetic WNIPU, particle coagulation was observed at
the bottom of the coatings, particularly for pigment content exceeding 5
wt% (Fig. 3 (h)-(j)). This phenomenon indicates poorer pigment

WPU-10 WPU-20

Fig. 2. SEM images of the commercial WPU coatings (a)-(e): top view and (f)-(j): cross-section. The scale bar in the SEM images is 50 pm.
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WNIPU-10

WNIPU-20

Fig. 3. SEM images of the synthetic WNIPU coatings (a)-(e): top view and (f)-(j): cross-section. The scale bar in the SEM images is 50 pm.

Table 3
CIELAB values and gloss of pigmented waterborne polyurethane coatings.

L a* b* Gloss at 60°

WPU-0 68.35 0.20 0.93 52.42
WPU-1 34.31 0.09 -0.33 46.22
WPU-5 23.80 0.20 0.11 27.70
WPU-10 24.10 0.11 —0.05 25.44
WPU-20 24.13 0.10 0.01 14.8

WNIPU-0 66.05 —0.60 5.25 7.80
WNIPU-1 46.78 —0.44 2.86 3.30
WNIPU-5 27.18 0.17 —-0.93 1.60
WNIPU-10 26.92 0.16 -1.13 1.74
WNIPU-20 24.44 0.26 —0.89 0.68

dispersion in the synthetic WNIPU than in the commercial WPU.

As shown in Fig. S3, the morphology of the pigment particles was
observed by TEM. The particle size was approximately 0.9 pm with
irregular shapes.

3.3. Gloss and color of the waterborne polyurethane coatings

Fig. 4 displays the digital photos of waterborne polyurethane films
with different pigment concentrations. It is evident that as the pigment
concentration increases, the coating films become darker. To quantita-
tively assess the color change, the CIELAB values and 60° gloss were
recorded, which are presented in Table 3. Where L represents lightness,
with values ranging from 0 to 100 indicating from black to white. The a*

WPU-5

WPU-0 WPU-1

WNIPU-0

WNIPU-1

WNIPU-5

and b* values, ranging from negative to positive, signify the shift from
green to red and blue to yellow, respectively. The addition of NIR-
reflective pigment resulted in a decrease in lightness for both commer-
cial WPU and synthetic WNIPU coatings. The highest reduction occurred
with 5 wt% of pigment. Further additions of pigments didn’t markedly
affect the lightness of the coatings. For the commercial WPU coatings,
slight and irregular changes were observed in the a* and b* values with
the addition of pigments. However, in the case of the synthetic WNIPU
coatings, a* varied from —0.60 to 0.26, and b* varied from 5.25 to
—0.89, indicating a shift in color from green to red and from yellow to
blue, respectively.

With increasing content of pigments, the 60° gloss decreased from
52.42 to 14.8 for commercial WPU coatings and from 7.80 to 0.68 for
synthetic WNIPU coatings. The gloss reduction suggests a negative
impact of the pigment content on the light reflection of WPU coatings.

3.4. TGA of the waterborne polyurethane coating films

Fig. 5 displays the TGA curves of the waterborne polyurethane
coating films with different pigment concentrations. In the case of
commercial WPU (Fig. 5 (a)), the coatings initiated a dehydration pro-
cess and experienced a significant weight loss after reaching 250 °C, due
to the decomposition of polyurethane. The residue for the WPU-
0 coating was virtually 0 wt%, indicating complete sample decomposi-
tion within this temperature range. Across the WPU-1 to WPU-20, the
weight of the residue increased as the pigment concentration increased.
The residue is the pigments left in the system after the thermal

WPU-10 WPU-20

WNIPU-10 WNIPU-20

Fig. 4. Digital photos of the coatings: the commercial WPU with different pigment concentrations (top) and the synthetic WNIPU with different pigment concen-

trations (bottom).
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decomposition of polyurethane and the residue weight follows the trend 3.5. Viscoelastic properties
of the added pigments. The pigmented synthetic WNIPU coating
behaved similarly to the pigmented commercial WPU coating, as The viscoelastic properties of the pigmented waterborne poly-
depicted in Fig. 5 (b). urethane coatings were evaluated by DMTA, and Fig. 6 presents the

curves of storage modulus and tand as a function of temperature.
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Additionally, Table 4 lists the Tg, storage modulus at Tg + 40 °C, and
cross-link density (ve). Ty was determined at the temperature corre-
sponding to the maximum tand. The cross-link density was calculated
using Eq. (1) [32]:

VeE/3RT 6

where E’ is the storage modulus in the rubbery plateau, R is the gas
constant, and T is the temperature in Kelvin.

From Fig. 6 (a) and (c), it is evident that the addition of pigments
results in higher E’ for pigmented coatings compared to non-pigmented
coatings. This phenomenon can be attributed to the reinforcement
provided by the inorganic pigment, possibly due to polymer-pigment
interactions. Moreover, in the rubbery region, an increase in the
amount of pigments leads to a higher E’, also indicating an increased
cross-link density in the WPU coatings. In Table 4, the cross-link density
varied from 53.76 to 203.3 mol/m? for the commercial WPU and from
11.76 to 987.24 mol/m? for the synthetic WNIPU. This trend aligns with
a previous report, which found that increasing pigment content corre-
lates with the increased E’ in waterborne basecoat [33]. Regarding the
tand curves (Fig. 6 (b)), commercial WPU coatings exhibited two Tg
values, indicating a microphase separation between the hard and soft
segments of PU [34]. In contrast, the synthetic WNIPU coatings dis-
played only one T, peak (Fig. 6 (d)), suggesting compatibility between
the soft and hard segments in this system [35]. Notably, the addition of
pigment did not significantly affect the T, values. The observation can be
explained by the interplay of two opposing factors: (1) a decrease in Tg
due to the increased polymer mobility on the surface of inorganic
pigment particles; and (2) an increase in Tg due to the hindrance effect of
pigment particles [36]. In this study, it appears that these two factors
counterbalanced each other, resulting in no significant change in T,.

3.6. Tensile results

The results of the tensile test for pigmented WPU and WNIPU coat-
ings are presented in Fig. 7. From the results, as the increasing of
pigment content, the coatings exhibited higher tensile stress, lower
elongation-at-break, and higher Young’s modulus. The increase in ten-
sile stress and Young’s modulus can be attributed to the higher crosslink
density resulting from the interaction between the polymer and pigment
particles, as indicated by the DMTA results. Additionally, the inorganic
pigment particles possess higher stiffness than the polymer, which
contributes to the enhancement of tensile stress and Young’s modulus
[37,38].

3.7. Thermal insulation behavior

The NIR reflection efficiency of the pigmented waterborne poly-
urethane coatings was assessed through a temperature test to mimic the
roof coating of a building. The coating panels were affixed to foam
boxes, with a 250 W infrared lamp (Philips) positioned 30 cm away from
the coating panels, as illustrated in Scheme 2. The temperatures of both
the front and back sides of the panels were recorded by the thermal

Table 4
Viscoelastic properties of waterborne polyurethane coatings.
Tg (°C) Tgo (°C) E’ at Ty + 40 °C (MPa) Ve (mol/m3)

WPU-0 13 97 0.55 53.76
WPU-1 12 100 0.75 72.78
WPU-5 13 99 0.94 91.44
WPU-10 15 99 1.18 114.50
WPU-20 13 99 2.09 203.31
WNIPU-0 62 - 0.11 11.76
WNIPU-1 61 - 0.34 36.45
WNIPU-5 58 - 2.27 245.31
WNIPU-10 60 - 7.57 813.68
WNIPU-20 59 - 9.16 987.24

Progress in Organic Coatings 196 (2024) 108678

camera (FLIR TG165-X) and listed in Table 5.

Thermal images captured by the thermal camera are presented in
Figs. S4 and S5. For this investigation, the coatings with 1 wt% carbon
black were selected as the control groups of waterborne polyurethane
coatings with 1 wt% NIR-reflective pigment. The results showed that
both WPU-1 and WNIPU-1 exhibited lower temperatures and higher
temperature differences compared to the control groups, indicating
better thermal insulation performance with NIR-reflective pigment. This
is due to the higher NIR reflectance of copper chromite pigment
compared to carbon black, as noted in a previous study [39]. Addi-
tionally, copper chromite spinel has high reflectance at the 1000 nm and
1500 nm peaks in the NIR region, contributing to its NIR-reflective
property [40,41]. However, as the pigment content increased, both
the temperatures in front of and behind the panels increased, indicating
a decrease in NIR reflectance. A similar phenomenon was observed in
other research, where increasing copper chromite black pigment resul-
ted in reduced NIR reflectance [42]. In summary, adding NIR-reflective
pigments can provide thermal insulation for the waterborne poly-
urethane coatings compared to carbon black, but the content should be
carefully determined to achieve the desired thermal insulation behavior.

4. Conclusion

In this study, a commercial black NIR-reflective pigment was added
to commercial WPU and synthetic WNIPU coatings to explore the
property-processing relationship of the pigments in waterborne coat-
ings. The following conclusions can be dawn:

o The addition of pigment could initially shorten the drying time but

with higher pigment content, the overall drying time was prolonged

due to the rapid drying of the top layer, which hinders internal water
evaporation.

The addition of pigment could hinder water evaporation, causing

pronounced shrinkage and spherical structures on synthetic WNIPU

surfaces.

Incorporating more NIR-reflective pigment led to enhanced storage

modulus and crosslink density, along with strengthening tensile

stress and Young’s modulus due to the pigment’s stiffness.

Higher pigment content reduced the gloss of waterborne poly-

urethane coatings.

e In comparison to carbon black-pigmented coating, NIR-pigmented
coatings showed thermal insulation behavior. The 5 wt% of black
NIR pigment in WPU and 1 wt% in WNIPU showed the best balance
of drying time, color, mechanical properties, and thermal insulation
behavior.

Finally, the addition of pigment introduces complexity in the film
formation of waterborne coatings and influences the general coating
properties. Therefore, careful consideration of pigment content is crucial
when formulating waterborne coatings.
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Scheme 2. Experimental setup for the temperature test.

Table 5
Temperatures on the surfaces of the waterborne polyurethane coatings.
Sample Temperature in front Temperature behind ~ Temperature
of the panel the panel difference
WPU + 1 % 49.8 49.5 0.3
CB
WPU-1 43.5 41.3 2.2
WPU-5 50.4 47.0 3.4
WPU-10 52.6 49.0 3.6
WPU-20 55.7 49.2 6.5
WNIPU+1 % 47.9 47.1 0.8
CB
WNIPU-1 44.3 41.4 2.9
WNIPU-5 50.1 47.2 2.9
WNIPU-10 52.2 49.0 3.2
WNIPU-20 53.0 49.7 3.3
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