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matting waterborne polyurethane
acrylate coating via self-wrinkled surface during
curing in open-air

Haiqiao Zhang a and Zhihui Wu *ab

This study developed and evaluated a series of ultraviolet (UV) curable self-matting waterborne

polyurethane acrylate (UV-WPUA) coatings based on the self-wrinkled surface during UV-curing in the

open-air. This method is simple, efficient, eco-friendly, and it does not require complicated or expensive

equipment. The FT-IR spectrum indicates that the peaks of C]C in UV-WPUA have disappeared after

UV irradiation. The gloss value of the UV-WPUA cured film can be affected by the wrinkles on the

surface of the film and adjusted it by controlling the content of the photoinitiator in the liquid coating,

since the content influences the dimensions of the wrinkles. As the height of the wrinkle increased, the

gloss value of the UV-WPUA cured film decreased, and when the incident angles are 20° and 60°, the

gloss values are less than 3 GU and 5 GU, respectively. Moreover, the cured film has a maximum water

contact angle of 109°, which is affected by wrinkles and positively correlated with the surface roughness

of the film. Furthermore, the cured film has excellent properties of thermal stability, tensile strength,

pencil hardness, cross-cut adhesion and resistance to abrasion properties, making it well suited for the

furniture, leather, and textile applications.
1. Introduction

As a type of functional surface decoration coating, matte coat-
ings have been applied to leather nishing,1 vehicle interior
topcoats,2 paper,3 textiles,4 and wood nishing.5 The matte
coating is generally prepared using three different strategies.
The rst strategy involves adding matting agents to the coating,
the second involves developing self-matting resins, and the
third is the physical extinction of the coating surface. In fact, all
of the methods aim to produce a surface that is rough to
a certain degree and low gloss.6,7

For the rst strategy, various matting agents have been
widely applied by coating industrial production,8,9 including
diatomite,10 silica,11 montmorillonite,12 and clay. A rough
surface is obtained aer the powder is deposited on the surface
of the coating. Due to the incompatibility13 of the matting
agents with organic resins and precipitation problems in the
coating layer, the matting agents may be difficult to disperse,
reducing the mechanical properties of the cured coating lm.14

As for the self-matting resin, it is a chemical extinction method
without any matting agents, and the rough surface is generated
by the resin itself.15 The objective of this strategy is to obtain
large polymer particles by adjusting the weight ratio of hard/so
gn, Nanjing Forestry University, Nanjing

ina.com

t Processing and Utilization of Forest

the Royal Society of Chemistry
monomers,16 and introducing hydrophilic units.17 Once the
coating has been cured, these large particles could be deposited
on the coating layer, resulting in a rough surface and low
gloss.18

In terms of the third strategy, the vacuum UV and oxygen-
free environment (typically nitrogen) are required for the
generation of wrinkles on the coating surface. This method is
complex and expensive in terms of equipment. During the
vacuum UV irradiation, the coating is rstly only pre-cured on
its surface layer. During the subsequent curing process, the
stress caused by the depth gradient cured polymer is trans-
mitted to the thin cured surface layer, which releases the stress
as wrinkles.19–21 In order to prevent the relaxation of stresses at
the lm surface, UV-LED or mercury lamp are required for
subsequent irradiation to maintain the wrinkles. The wrinkles
are arranged in a disorderly manner and have a micro–nano
scale height and wavelength, which leads to a low gloss of the
coating surface. Furthermore, an approach proposed by Chan-
dra and Crosby22 provides a method for the preparation of self-
wrinkled polymer lms that can be cured by an open-air
mercury lamp. The oxygen inhibition prevented the top layer
of liquid resin from curing, whereas the inner layer formed
a gradient crosslinked lm. The gradient crosslinked lm was
swollen by the liquid resin layer, which resulted in wrinkles.
This method has been in-depth investigated by Lacombe and
Soulié-Ziakovic,23 including the balanced competition between
oxygen inhibition and polymerization rates as a crucial factor.
RSC Adv., 2022, 12, 33945–33954 | 33945
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With the increasing awareness of environmental protection
has increased the promotion of green production in the
manufacturing industry.24–26 Waterborne UV-curable coatings
have gained popularity as combine the advantages of both
waterborne and UV-curing technology. To reduce the viscosity
of the oligomer, this type of coating utilizes water as the diluent.
Furthermore, it features the characteristics of “5E”,27 low VOCs,
and eco-friendly.28–30 The cured lm obtained by UV-curable
coating is usually high gloss,31 and the matte surface is rarely
reported. To the best of our knowledge, no studies have been
conducted on UV-curable self-matting waterborne coatings via
self-wrinkled surfaces during open-air curing.

Herein, a series of UV-curable self-matting waterborne
polyurethane acrylate (UV-WPUA) coatings were prepared based
on the self-wrinkled surface during UV irradiation in open-air
with the mercury lamp. The self-matting characteristic is due
to its self-wrinkled surface, without using any matting agent,
complicated or expensive equipment such as an excimer lamp,
or nitrogen equipment. The self-matting UV-WPUA coating is
coated on the wood substrate in this study, and its application
performance is evaluated.

2. Experimental section
2.1 Materials

During the experiments, the following starting materials were
used: UV-WPUA oligomer (JZ-4234) was obtained from Nanjing
Jiazhong Chemical Technology Co., Ltd in Nanjing, China. The
Photoinitiator 819DW (a dispersion of bis-acylphosphine oxide
(BAPO) in water) was supplied by Shanghai Yinchang new
material Co., Ltd in Shanghai, China. Defoamer (SRE-2020),
dispersant (SRE-4190), and leveling additives (SRE-3251) were
bought from Guangzhou Dong Prosperous Chemical Raw
Materials Co., Ltd in Guangzhou, China. The llers talcs powder
(8 mm) and silicon dioxide (SiO2, the particle size is about 1 mm)
were obtained from Hebei Yonghua Wear Resistant Materials
Co., Ltd in Xingtai, China. A UV-curable commercial priming
coating (A185721006) was supplied by the Dazbole Polymer
Material Co., Ltd in Hangzhou, China. Water used in this study
was prepared by the Plus-E3-10th ultra-pure water Machine
(EPED, Nanjing, China). All the materials were utilized as
received without purication.

2.2 Synthesis of UV-WPUA coatings

The formulas of UV-WPUA coatings were following Table 1.
The UV-WPUA oligomer was rst mixed with the defoamer at
Table 1 Formulas of UV-WPUA coatings

Coating
Oligomer
(g)

Defoamer
(g)

Water
(g)

Dispe
(g)

C1 100.0 3.0 10.0 1.5
C2 100.0 3.0 10.0 1.5
C3 100.0 3.0 0 1.5

33946 | RSC Adv., 2022, 12, 33945–33954
500 rpm for 10 min using a disperser (SDF-450, Qiwei,
Hangzhou, China). Every remaining component was sequen-
tially homogenized at 1000 rpm for 10 min, resulting in
a uniform UV-WPUA coating. The SiO2 in C3 is used as a wear-
resistant ller, not a matting agent.
2.3 Preparation of UV-WPUA lms

The UV-curable commercial primer coating was cured on the
wood substrate with irradiation of a mercury lamp and sanded
with 240 grit sandpaper. Following this step, the UV-WPUA
coating was coated on the primer coating-wood substrate by
bar-coating method (the thickness of the wet lm was about 120
mm). The UV-curing process was carried out using a UV mercury
lamp, and the UV intensity was 6.6 mW cm−2 (measured by an
LS132 UV energy meter, Linshang, Shenzhen, China). Aer
3 min of UV irradiation, the cured lms were obtained and
labeled by F1, F2, and F3. The method of GB/T 1728-2020 was
used to determine 100% polymerization of UV-WPUA oligomer
in the presence of oxygen inhibition.
2.4 Instrument and characterization

2.4.1 Chemical structure characterization. The chemical
structure and compositions of UV-WPUA oligomer, liquid
coatings, and cured coating lms were characterized on an FT-
IR spectrometer (Vertex 80, Bruker, Germany) using the FTIR-
ATR mode. The date was obtained with the wavenumbers
between 4000 cm−1 and 400 cm−1 at a 0.5 cm−1 resolution. The
acrylate conversion was determined by the CH2]CH twisting
peak area around 808 cm−1,32 and the peak area at 1722 cm−1

(C]O stretching vibration) was employed as an internal stan-
dard peak.33 The FTIR spectra of liquid coatings and cured
coating lms were analyzed using Thermo's Omnic soware
version 9.3, and the acrylate conversion was calculated using
eqn (1)

Conversion ð%Þ ¼
"
1� ðA808=A1722Þt

ðA808=A1722Þ0

#
� 100 (1)

where (A808/A1722)t and (A808/A1722)0 are respectively the relative
absorption of the liquid coating and cured coating lm aer UV
irradiation time (t).

2.4.2 Physical and mechanical properties characterization
2.4.2.1 Gloss. An HG268 gloss meter (3nh, Shenzhen,

China) was used to measure the gloss value of cured lm in
accordance with GB/T 9754-2007 (ISO 2813:1994). The UV-
rsant Leveling additive
(g)

Photoinitiator
(819DW, g) Filler (g)

2.0 2.0 3.0 (talcs)
2.0 3.0 3.0 (talcs)
2.0 3.0 3.0 (SiO2)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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WPUA lm was measured at eight different points using three
different measurement geometries: at 20°, 60°, and 85°.

2.4.2.2 Roughness (Ra). The roughness of cured lm was
measured with the JB-4C precision roughness meter (Shanghai
Precision Instruments Co., Ltd, Shanghai, China). The Ra was
determined based on a measured length of 0.8 mm.

2.4.2.3 Water contact angle. A DSA100S (KRÜSS, Hamburg,
Germany) drop-shape analyzer was used to evaluate the water
contact angle of the cured lm. For testing, the wood substrate
(10 cm × 10 cm) with the cured lm was sawed into 1 cm wide
pieces. Each cured lm was tested at 5 different positions, and
the water contact angle at each position was recorded at
different elapsed time (0 s, 5 s, 10 s, and 20 s).

2.4.2.4 Basic properties. The tensile strength of cured lm
was measured with an AGS-X electronic universal testing
machine (Shimadzu, Kyoto, Japan). The samples were made
into a dumbbell shape by a silica gel mold with the type of 1BA
according to GB/T 1040.2-2006 (ISO 527-2:1993).

The properties of hardness (measured with BY-500g,
Pushen, Shanghai, China), cross-cut adhesion (determined
with QFH-A, Airuipu, Quzhou, China), and resistance to abra-
sion (measured with BGD-532 with CS-10 abrading rubber
wheels, 500 g, 500 r, Biuged, Guangzhou, China) of the cured
lm were evaluated according to GB/T 6739-2006 (ISO
15184:1998), GB/T 4893.4-2013, and GB/T 1768-2006 (ISO 7784-
2:1997), respectively.

2.4.3 Microscopy investigations. The morphologies of the
cured lm (surface and cross-section) were performed with
a Quanta 200 scanning electron microscopy (SEM, FEI, Hills-
boro, Oregon, USA). The cured lm was attached to a copper
sample table and deposited with an extremely thin gold layer,
while the acceleration voltage was set at 15 kV for the observa-
tion. Furthermore, the surface topographies of the cured lm
were also observed using a Carl-Zeiss Imager Z1 microscope
(Munchen, Germany) with AxioVision soware using white
light. The optical microscope (OM) images were collected at
a magnication of 200×.

2.4.4 Thermogravimetric analysis (TGA). A TG 209F1 Libra
thermogravimetric analyzer (Netzsch, Germany) was used to
analyze the thermal behavior of cured lms. The analysis was
carried out under an N2 ow of 50mLmin−1, from 30 °C to 700 °
Fig. 1 (A) The top and bottom acrylate conversions of UV-WPUA resins u
cm−2; photos of UV-WPUA films taken after 3 min of UV irradiation at (B

© 2022 The Author(s). Published by the Royal Society of Chemistry
C, at a heating rate of 10 °C min−1. The measurement was taken
using 4–5 mg powers of each cured lm.
3. Results and discussion
3.1 Polymerization rate (Rp) vs. oxygen inhibition rate (RO2)

In this study, a series of UV-WPUA resins were used to analyze
the balance condition between RO2

and Rp. The additive and
ller may affect the transparency of UV-WPUA oligomer,
especially the solid ller, which can reduce UV propagation
efficiency. When the efficiency of the photoinitiator (labeled by
819DW) is reduced, resulting in a decrease in the Rp of the UV-
WPUA oligomer, thereby altering the balance condition
between Rp and RO2

. As a result, six UV-WPUA resins without
other components were prepared, the concentrations of
819DW were 1.0%, 1.25%, 1.5%, 2.0%, 2.5%, and 2.75%. UV-
WPUA resins were cured with two different UV intensities,
i.e., 16.1 mW cm−2 (distance from UV lamp about 15 cm) and
6.6 mW cm−2 (distance from UV lamp about 50 cm). There is
a glass substrate on which the wet lms were coated, and the
thickness of each lm was approximately 120 mm. Fig. 1A
shows the acrylate conversion of six UV-WPUA resins aer
irradiation for 3 min. Due to the oxygen inhibition, the top
acrylate conversion of each lm is lower than the bottom, and
the acrylate conversion increases with increasing the concen-
tration of 819DW. Regardless of whether the UV intensity is
16.1 mW cm−2 or 6.6 mW cm−2, the lowest top acrylate
conversion is from the lm with a concentration of 819DW of
1.0%, and the lowest values under 16.1 mW cm−2 and 6.6 mW
cm−2 are 62.4% and 44.1%, respectively. While the highest
values of the top conversions occurred at an 819DW concen-
tration of 2.75%, which are about 85%. The bottom acrylate
conversion also follows a similar trend, where a higher UV
intensity induces a higher acrylate conversion. As the
concentration of 819DW increased, the effect of UV intensity
on top and bottom acrylate conversion decreased. It is noted
that when the concentration of 819DW is 1.0%, the top acrylate
conversion of the lm obtained by 16.1 mW cm−2 and 6.6 mW
cm−2 is with a difference of 18.3%, while when the concen-
tration of 819DW is 2.75%, the difference is just 0.1%. Simi-
larly, the difference in the conversion of 819DW at two
nder UV irradiation (3 min) at UV intensity of 16.1 mW cm−2 and 6.6 mW
) 16.1 mW cm−2 and (C) 6.6 mW cm−2, G: gloss value at 60°.

RSC Adv., 2022, 12, 33945–33954 | 33947
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different UV intensities decreased from 5.1% to 0.9% as the
819DW concentration increased from 1.0% to 2.75%.

The photographs in Fig. 1B and C depict UV-WPUA lms
aer UV irradiation for 3 min. It was found that the UV lm was
not completely cured when the UV intensity was 16.1 mW cm−2

and the UV-WPUA resin with an 819DW concentration of 1.0%,
and the surface exhibited some sticky areas. The matte lms (as
can be seen from the gloss values at 60°) with a wrinkled surface
have been obtained when the concentration of 819DW are
1.25%, 1.5%, and 2.0%. The lm with a smooth, high gloss
surface have been obtained with 819DW concentrations of 2.5%
and 2.75%. In the presence of a UV intensity of 6.6 mW cm−2,
the UV-WPUA resin with 819DW concentrations of 1.0% and
1.25% could not be completely cured, resulting in the sticky
surface. The concentrations of 819DW are 1.5% or 2.0%, which
produce matte lms; and 2.5% or 2.75%, which produce
smooth, high gloss lms.

Fig. 2A illustrates the mechanism of self-wrinkling of UV-
WPUA resin. As the photoinitiator 819DW is irradiated with
UV light, radicals are produced and reacted with the C]C in
the WPUA oligomer, resulting in crosslinking and curing of
the lm. The oxygen in the air, however, would react with the
radical (Rc) and produce R–O–Oc, which would trap the
radical.34 As a result, it reduces the acrylate conversion in the
top thin layer of the UV-WPUA oligomer, resulting in the
creation of a liquid layer35 at the top of the UV-WPUA resin. It is
almost impossible for the oligomer beneath the top liquid
layer to be affected by oxygen and can crosslink to the lm.
Furthermore, the liquid layer on the resin surface will cause
the cured lm to swell. Surface wrinkles are generated when
the difference in osmotic pressure between two parts is
signicant enough.36 This phenomenon appears to occur as
a result of the balanced competition between Rp and RO2

of UV-
Fig. 2 (A) The mechanism of the self-wrinkled surface of UV-WPUA film
obtained with two different UV intensities.

33948 | RSC Adv., 2022, 12, 33945–33954
WPUA resin, i.e., Rp z RO2
, as described by Lacombe and

Soulié-Ziakovic.23 A completely cured and smooth surface is
obtained when Rp is greater than RO2

, such as the lms with
819DW contents of 2.5% and 2.75% in Fig. 1B and C; while Rp

is less than RO2
, UV-WPUA could not be completely cured,

resulting in a sticky surface.
As can be seen in the OM images of the obtained lms in

Fig. 2B, by combining Fig. 1B and C, there are wrinkles on the
surface of the incompletely cured lm, and cracks (see orange
arrows) appear in the sticky area. In the case of completely cured
lms, there are two types: one has random wrinkles and low
gloss; the other has smooth surfaces, no wrinkles, and high
gloss.

As evidenced in our study, UV-WPUA resin with the 819DW
concentrations of 1.5% to 2.75% could be completely cured
with the UV intensity was 6.6 mW cm−2. In the presence of
a higher UV intensity (16.1 mW cm−2), UV-WPUA resin with
the 819DW concentration of 1.25% can also be completely
cured. It is important to note that at the high UV intensity
curing position the UV mercury lamp is situated too close
(approximately 15 cm) to the resin surface, and the tempera-
ture is up to about 100 °C, which may cause damage to some
substrates (such as wood and leather). Therefore, in this
study, the coating was cured under a UV intensity of 6.6 mW
cm−2. As described above, the additives and llers may affect
Rp of UV-WPUA coating. Therefore, the 819DW content in the
formulations of UV-WPUA coatings in “2.2 Synthesis of UV-
PUA coatings” is different from that of UV-WPUA resin.
According to our study, the UV-WPUA coatings contain the
additive, ller, and diluent (water), and the 819DW content
could be greater than 2.5% without producing a smooth and
high gloss surface.
during cured in the open-air, (B) the OM images of UV-WPUA films

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The change in glosses of F1, F2, and F3 after the resistance to
abrasion test.
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3.2 Chemical structure

The chemical structure of liquid UV-WPUA coatings and cured
coating lms were analyzed by the FT-IR spectra (Fig. 3). It has
been found that the characteristic peaks of C]C vibrations at
1634, 1407, and 808 cm−1 disappeared aer UV irradiation (red
areas),37 indicating that the radicals were reacted with C]C
bonds in liquid UV-WPUA coating. Aer UV irradiation, there is
a new absorption peak that appeared at 1631 cm−1, not the peak
of C]C vibrations that appeared at 1634 cm−1 shied to
1631 cm−1, which was caused by the residual moisture in the
cured coating lms. The absorption bands at 3437 and
1631 cm−1 are ascribed to the O–H vibrations38 of the residual
moisture. The characteristic peaks at 2955 and 2870 cm−1 (WPUA
oligomer and liquid coating) or 2924 and 2869 cm−1 (cured
coating lm) are assigned to the C–H stretching vibration in CH2

and CH3, while the peak at 1458 cm−1 is attributed to the C–H
deformation vibration in CH2 and CH3.39 There are absorption
bands around 1720 (or 1722) and 1106 cm−1, which correspond
to the vibrations of –C]O and C–O–C vibration, respectively.

The characteristic peaks of C1, C2, and C3 are consistent with
most of the WPUA oligomer. Some of the peaks in the C1, C2,
and C3 differ from those in the WPUA oligomer as a result of the
different additives and llers added. In the spectra of F1, F2, and
F3, there was no C]C absorption peak aer UV irradiation for
3 min. The acrylate conversions of C1, C2, and C3 have been
determined to be 67.8%, 75.1%, and 64.8%, respectively.
During UV-curing, the uidity of the polymer has a signicant
impact on the conversion efficiency. Since C3 does not contain
diluent (water), its viscosity is greater than that of C1 and C2.
Due to the immobility of the acrylic group,40 it may be difficult
for the high viscosity system to cure completely, which is why
the acrylate conversion of C3 is lower than that of C1 and C2.
3.3 Gloss, micro-morphologies, and water contact angle

As shown in Fig. 4, with the incident angles of 20° and 60°, the
gloss values of F1, F2, and F3 differ slightly, and the gloss values
Fig. 3 The FT-IR spectra of WPUA oligomer, UV-WPUA coatings, and
films.

© 2022 The Author(s). Published by the Royal Society of Chemistry
are less than 5 GU, satisfying the requirements of extinction
classication.41 In the case of an incident angle of 85°, the gloss
values of F2 and F3 are 51.4 GU and 57.5 GU, respectively, while
the gloss value of F1 is 8.8 GU. Furthermore, aer testing the
Fig. 5 The SEM images of F1, F2, and F3 before and after the resistance
to abrasion test, and the illustration of the self-matte mechanism
based on the wrinkles.
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resistance to abrasion property, the gloss value (85°) of F1
increased to 54.7 GU.

The gloss value at 85° is a very important feature for matte
coating lm. The change of gloss is evident from the micro-
morphologies42,43 of the surface and cross-section of the cured
coating lm shown in Fig. 5, which shows photographs of the
cured coating lm and micro-morphologies of its surface and
cross-section. On the surface of F1, F2, and F3, the wrinkles with
different dimensions are present. The width of wrinkles on the
surface of the lms varies from 3.7 mm to 4.9 mm, and the
spacing between wrinkles in F1 (9.53 mm) is greater than those
of in F2 (7.34 mm) and F3 (6.10 mm). It is attributed to the fact
that C2 and C3 contain more photoinitiator 819DW than C1, as
a result, more photoinitiators lead to denser wrinkles44 and
higher matting efficiency.8,45 The gloss value of F1 is much lower
than those of F2 and F3 with the incident angle of 85°. The
reason is that the height and spacing of wrinkles in F1 surface
are higher than those in F2 and F3 (Fig. 5), which causes incident
light to be reected or “captured” by the interspace of wrinkles.
Further, the light received by the gloss meter acceptor is
smaller, which results in a lower gloss.42 As mentioned above,
aer testing for resistance to abrasion property, the gloss values
at 85° in F1, F2, and F3 increased. The SEM images in the low
part of Fig. 5 indicate that some wrinkles still exist in the
boundary section on the le and the wrinkles in the right region
have been eliminated. The SEM images of the cross-section of
the lm showed that the wrinkles on the surface have
Fig. 6 The water contact angle of F1, F2, F3, and Fctrl (film obtained by U

33950 | RSC Adv., 2022, 12, 33945–33954
disappeared aer the test, the surface has become smoother,
and the gloss value at 85° has increased as a result of the
destruction of wrinkles.

An illustration of the water contact angles for UV-WPUA cured
lms with the different elapsed time (0 s, 5 s, 10 s, and 20 s) is
shown in Fig. 6. It is identied that the initial water contact angles
for F1, F2, F3, and Fctrl are 109.5°, 93.9°, 95.6°, and 61.6°, respec-
tively. As the elapsed time increased, the water contact angles
gradually decreased. F1 has an initial water contact angle that is
15.6° larger than F2, 13.9° larger than F3, and 47.9° than Fctrl.
Among the lms, the water contact angle of Fctrl is the smallest,
which does not meet the hydrophobic requirement (>90°). The
water contact angles of the other three lms are all above 90°,
which are hydrophobic surfaces. The water contact angle is
generally related to micro–nano structures46–49 and the roughness
of the lm surface.50 The Ra of F1, F2, and F3 are 0.35 mm, 0.22 mm,
and 0.25 mm, respectively (as shown in Fig. 6). The Fctrl is
a smooth, high gloss lm with aminimum roughness of 0.11 mm.
According to the Wenzel wetting model, the water contact angle
increase with increasing surface roughness when the water
contact angle exceeds 90°,51 which explains the difference in the
water contact angle of cured coating lms.
3.4 Thermal stability

The thermal behavior of cured UV-WPUA coating lm was
analyzed by using TGA and derivative weight loss (DTG) curves,
as shown in Fig. 7. To further investigate the degradation
V-WPUA + 3.0% 819DW) with the different elapsed time.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 TGA (solid) and DTG (dashed line) thermograms of UV-WPUA films.
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behavior of these lms, some specic data were recorded in
Table 2. The rst is the temperature of initial 5% and 50%mass
loss, i.e., T5% and T50%; the second is residual mass percent at
700 °C, and the last is the maximum weight loss rate and cor-
responding temperature in the degradation stage.

It was observed that all the cured coating lms showed
a similar two-stage degradation process, with two main regions
of weight loss, and the peaks were around 350 °C and 440 °C,
respectively. From 239 °C to 375 °C, the rst stage occurs,
accompanied by a weight loss of 33% due to the urethane bonds
in hard segments.52 At 375 °C to 510 °C, the second stage
appears, which is associated with a weight loss of about 57%
(Fctrl is about 61%), which corresponds to the decomposition of
the so segment of PUA.53 As demonstrated by Fig. 7, cured UV-
WPUA lms degrade in the high-temperature regions more
delayed than Fctrl. At 700 °C, F1, F2, and F3 have residues of
8.95%, 9.63%, and 8.81%, respectively, which are higher than
Fctrl (5.54%). A further observation is that the T5% and T50% of all
the cured UV-WPUA lms are delayed more than Fctrl, which
indicates that the cured UV-WPUA lms are slightly more
thermally stable than Fctrl. According to these results, the
additives and llers can improve the thermal stability of the UV-
WPUA lms, consistent with the research ndings of Ding et al.4

Furthermore, F2 shows the higher thermal stability than F1 and
F3 based on the residual mass percent. As discussed in the “3.2
Chemical structure” section, the acrylate conversion of C2
Table 2 Pyrolysis parameters of UV-WPUA films

Film T5% (°C) T50% (°C)

1st deg. stage

Tmax (°C) DTG

Fctrl 298.2 406.3 355.5 10.5
F1 309.3 412.4 353.5 10.7
F2 304.4 413.6 351.9 10.5
F3 299.1 411.0 349.9 9.9

© 2022 The Author(s). Published by the Royal Society of Chemistry
(75.1%) is higher than those of C1 (67.8%) and C2 (64.8%). A
higher acrylate conversion results in a higher crosslinking
density and improves the thermal stability of the lm.54 In view
of the above, cured UV-WPUA lms exhibit excellent thermal
stability and higher thermal resistance than pure WPUA lm.
3.5 Basic properties

The basic properties of UV-WPUA coating lms are shown in
Fig. 8. The pencil hardness of F1 is H, whereas F2 and F3 have
a pencil hardness of 2H, which is attributed to the higher content
of the photoinitiator in C2 and C3 compared to C1. In terms of the
resistance to abrasion property, F1 is slightly worse than F2 and F3,
which are 0.049 g, 0.045 g, and 0.047 g, respectively. It is known
that the acrylate conversion of C2 is greater than those of C1 and
C3, which induces higher crosslinking density, resulting in
a slight improvement in the resistance to the abrasion properties
of F2. However, it is worth noting that the acrylate conversion of
C3 is lower than that of C1, while the resistance to abrasion
property and pencil hardness of F3 is better than that of F1. It
seems to be in contradiction with the previously mentioned that
high conversion rate and good mechanical properties of the
lms. Indeed, the reason is that the ller in C3 is silica, and its
mechanical properties are better than talcs55 in F1, which makes
the mechanical properties of F3 better than F1. The tensile
strengths of cured lms are illustrated in Fig. 8B, the values of F1,
F2, and F3 are 19.28 ± 2.07 MPa, 24.60 ± 1.83 MPa, and 21.72 ±
2nd deg. stage
Residue
(%)max (%/°C) Tmax (°C) DTGmax (%/°C)

9 438.9 16.93 5.54
0 439.0 16.41 8.95
9 440.0 16.37 9.63
2 438.6 16.60 8.81

RSC Adv., 2022, 12, 33945–33954 | 33951
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Fig. 8 (A) The pencil hardness and resistance to abrasion properties of cured films; (B) the tensile strength of cured films; the digital photos of F2
after cross-cut adhesion property test (C) and seven months later stored in the ambient surrounding (D). (Inset) Enlarged image of the cross-cut
section.
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1.50 MPa, respectively. These results are consistent with the
properties of wear resistance, that is, the tensile strength of F2 is
better than those of F3 and F1. In terms of cross-cut adhesion
property, all lms show the highest classication of level 0 (the
optimal level, as shown in Fig. 8C and D). Aer seven months of
storage in the ambient surrounding, the lm (as exemplied by
F2) does not detach from the wood substrate.
4. Conclusions

We have demonstrated an approach to UV-curable self-matting
WPUA coating based on the self-wrinkled surface during curing
in the open-air. This method is simple, efficient, eco-friendly,
and not requires complex or expensive equipment. Aer UV
irradiation, the peaks of C]C in the WPUA oligomer dis-
appeared in the FT-IR spectrum. The gloss value of the cured UV-
WPUA coating lm can be adjusted by modifying the formula of
liquid UV-WPUA coating. By varying the photoinitiator content in
the formula, different wrinkle dimensions can be achieved, and
the gloss value can be varied accordingly.With the incident angle
of 20°, the gloss value of the cured UV-WPUA lm is less than 3
GU; and when the incident angle is 60°, the gloss value of the
lm is less than 5 GU; at 85°, the gloss was greatly affected by the
wrinkle height, which decreased with increasing the height of
wrinkle. Furthermore, the cured UV-WPUA lm has a maximum
water contact angle of 109°, which is positively correlated with
the roughness of the wrinkled surface. In addition, the cured UV-
WPUA lm has excellent thermal stability and mechanical
properties, which have great potential for practical applications
in furniture, leather, and textile elds.
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