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Abstract. This work aimed to enhance the adhesion of photocurable acrylate epoxy/SiO,
nanocomposite coating by adding a crosslinking agent polyisocyanate Desmodur N75 (N75) to
make a 2K/UV dual-curable paint formulation. The obtained results showed that the presence of
the curing agent N75 slightly reduced the conversion efficiency of acrylate groups during the
UV curing process. The analysis of mechanical properties indicated that the coating achieved the
optimal mechanical properties at the N75 content of 5 wt.%. The gel fraction, swelling degree,
adhesion to wood and steel, relative hardness, impact resistance, and abrasion resistance reached
97.22 %, 310.05 %, 0.1, 0.94, 90 Kg.cm, and 178 L/mil, respectively. FESEM analysis showed
that the paint film was fairly homogeneous and tightly structured. The reactions of components
of BGDM, HDDA, 1184, N75 and nano-SiO, in the 2K/UV dual-curable acrylate epoxy/SiO,
nanocomposite coatings were described.

Keywords: acrylate epoxy, polyisocyanate, SiO, nanoparticles, mechanical properties, 2K/UV dual-cure
coating.
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1. INTRODUCTION

The UV-cured coatings exhibit many advantages over other conventional coatings, such as
better physico-mechanical properties, higher chemical resistance and weathering durability [1,
2]. In particular, the processing technology is eco-friendly due to being conducted at room
temperature and not releasing toxic organic waste [3, 4]. Because of the rapid curing process and
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remarkable properties as mentioned before, the coatings have been widely applied in paint
industry such as wood flooring [5, 6]. However, there are some limitations to UV curing resin,
for instance, high shrinkage (up to 15 %) and low adhesion in some particular cases [7,8]. To
overcome this challenge, 3 effective methods can be used: (i) reinforcement with inorganic
fillers [9, 10]; (ii) increasing the curing density [11]; and (iii) choosing ingredients with an
appropriate structure [12, 13]. Nano-silica (nano-SiO,) is an excellent inorganic filler to
reinforce polymer materials, especially organic coatings. Besides, many studies have shown that
nano-SiO, can improve the thermal resistance [4, 14], weathering resistance [15, 16], and
alkaline or acidic resistance of the coatings [17, 18], etc. Despite this, inorganic and organic
fillers supplemented to the paint formulation can participate in the curing reactions [19,20],
forming a tight organic—inorganic hybrid structure [21 - 23]. To increase the curing density of
the UV curing coatings, the curing agent polyisocyanate was added to create a 2K/UV dual
curable paint system. As a consequence, the paint films have a tight structure with outstanding
mechanical and weathering resistance [24].

In our previous work [4], we investigated the characteristics and properties of UV curing
nanocomposites based on bisphenol A glycerolate dimethacrylate, 1,6-hecxanediol diacrylate,
and reinforcing filler (nano-SiO;) using 1-hydroxy-cyclohexyl-phenyl-ketone as a photo-
initiator. The results showed that the nano-SiO, reduced the conversion efficiency of the
acrylate/metacrylate double bond since the nano-SiO, can absorb and scatter UV light, leading to
the low UV curing efficiency. The coating with 2.5 wt.% nano-SiO, has outstanding mechanical
properties (impact resistance, falling sand abrasion resistance) and thermal resistance compared
to the neat coating. However, the adhesion of the coating was low, thereby restricting its
practical application. In this study, the curing agent polyisocyanate was added to the paint
formulation to make a dual curing resin system, aiming to increase the adhesion of the paint
coating.

2. MATERIALS AND METHODS

2.1. Materials
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Figure 1. Chemical formula of BGDM, HDDA, 1.184 and N75.
Bisphenol A glycerolate dimethacrylate (BGDM) and 1,6-hecxanediol diacrylate 80 %

(HDDA) were ordered from Sigma-Aldrich. The photo-initiator 1-hydroxy-cyclohexyl-phenyl-
ketone, Irgacure 184 (1.184) was provided by CIBA (Merck). Desmodur N75 polyisocyanate
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(N75) liquid (75 wt.%) containing 17 wt.% of isocyanate group content, used as a crosslinking
agent, was provided by Bayer. Their structures were described in Figure 1.

Figure 2. TEM image of nano-SiO, particles as-synthesized from rice husk ash.

The nano-SiO, particles used were about 20 nm in size and were synthesized according to
the method presented in our previous work [17] (Figure 2).

2.2. Preparation of coating samples

The coating samples with various N75 contents from 0 to 10 wt.% (by weight on total resin
of BGDM&HDDA) were prepared with coating formulation shown in Table 1. The ratio of
BGDM/HDDA/1184/nano-Si0, = 55/45/3/2.5 was found to be the optimal paint formulation from
our previously works [3, 4, 16].

Table 1. Paint formulations with different contents of N75.

. Content of N75 (wt.%)
Material 0 25 5 75 10
N75 0 0.05 0.10 0.15 0.20
BGDM 1.1 1.1 1.1 11 1.1
HDDA 0.9 0.9 0.9 0.9 11
1.184 0.06 0.06 0.06 0.06 0.06
Nano-SiO, 0.05 0.05 0.05 0.05 0.05

To fabricate the nanocomposite coatings, firstly nano-SiO, particles were dispersed in
HDDA using a TP-25 ultrasonic bath (Switzerland) during 3 hours. After that, BGDM resin and
1184 were added to the mixture, followed by further sonication for 30 minutes. Finally, the
curing agent N75 was added to this as-prepared mixture under mechanical stirring for 10
minutes.

Thin films were then coated on different substrates, such as KBr pellets, Teflon, Incense
wood, CT3 steel sheets and glass plates for further evaluations. To control the thickness of the
coating samples, a Quadruple Film Applicator (Enrichen model 360) or a Spiral Film Applicator
(Erichsen model 358) was used.

For UV-curing process, a UV curing device (model F300S, USA) was used with a medium-
pressure mercury lamp (250 mW/cm?) at 25 °C. To estimate the curing time under the UV-light,
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the web rates from 5 to 40 m/s were selected. Thus, the UV exposure time of the paint film was

calculated based on the web rate. For example, for a web rate of 40 m/s, the exposure time
was 0.15s.

The coating samples after UV curing were dried under room conditions for 4 days before
testing. The average thickness of the coating samples was about 30 um.
2.3. Characterization

2.3.1. IR characterization

The conversion of reactive functional groups during the curing process was monitored by
quantitative IR analysis using NEXUS 670 FTIR spectroscopy (Nicolet). The conversion of
acrylate double (AD) bond was evaluated by the change in the characteristic peak at 983 cm™.
The characteristic peak of the benzene ring at 1510 cm ™ was used as an internal standard [4].
The conversion of isocyanate groups was tracked by the change in optical density of the
characteristic peak at 2272 cm ™ [24].

The optical density (D) of the groups was estimated according to the following formula:
D =log (l¢/l) = log [1+H/(100-U)] (1)

The relationship between I, and | with H and U is shown in Figure 3, where H and U were
calculated using the software of FTIR spectroscopy.
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Figure 3. Relationship between Iy and | with H and U.

The remaining acrylate group was calculated as follows:
Remaining acrylate group (%) = [(Dgg3 cm—1/D1510 cm-1)t/(D983 cm—1/D1510 cm-l)O] x100 (2)

where: Dy and D are the optical densities of the groups before and after curing.

2.3.2. Gel fraction, swelling degree

The gel fraction (GF) and swelling degree (SD) of the paint films were evaluated using the
Soxhlet method in accordance with the ASTM D2765 standard [4].

2.3.3. Microstructural analysis
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The morphology and size of nano-SiO, particles and nanocomposite coatings were observed
using a Field emission scanning electron microscope, S 4800 (FE-SEM) and Transmission
Electron Microscope (TEM) (Japan).

2.3.4. Measurement of mechanical properties

Various mechanical parameters, such as adhesion, impact resistance and abrasion resistance
of the coatings were measured according to the methods and standards presented in previous
papers [14, 24]. Specifically, the adhesion was measured according to the 1ISO 2409 with an
Elcometer Cross Hatch Cutter (England), the impact resistance was tested according to the 1SO
6272 using an impact tester (model 304, Germany) [24]. The abrasion resistance was performed
in accordance with the ASTM D968 standard [14].

3. RESULTS AND DISCUSSION

3.1. Crosslinking characteristics of 2K/UV dual-cure nanocomposite coating
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Figure 4. IR spectra of UV-cure acrylate epoxy/SiO, nanocomposite coating (UVAE/SiO,)
and 2K/UV dual-cure acrylate epoxy/SiO, nanocomposite coating with 5 wt.% N75 (UVAE-N75/SiO,)
before and after crosslinking.

Crosslinking characteristics of the coatings were investigated based on the conversion of
the reactive functional groups and changes in their GL and SD values [4, 5, 24]. IR spectra of
2K/UV dual-cure acrylate epoxy/SiO, nanocomposite coating (UVAE-N75/SiO,) based on
Bisphenol A glycerolate dimethacrylate, 1,6-hecxanediol diacrylate, 1-hydroxy-cyclohexyl-
phenyl-ketone, polyisocyanate Desmodur N75 (5 wt.%) and nano-SiO, before and after
crosslinking are presented in Figure 4. IR spectra of UV-cure acrylate epoxy/SiO,
nanocomposite coating (without N75) (UVAE/SIO,) are also presented in this figure for
reference. Some characteristic vibrations in the IR spectra of the above coatings are shown in
Table 2.
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As can be seen in Figure 4 and Table 2, all characteristic peaks of AD bonds at 1636 cm ™,
1409 cm™, 983 cm*, and 812 cm ™ decreased after exposure to UV. Among those, the peak at
983 cm ™ had a clear rule for reduction and was not overlapped by other peaks, hence it was
chosen to evaluate the conversion of acrylate groups. The conversion of the isocyanate groups
was established by the optical density degradation of the peak at 2272 cm™. The quantitative
analysis of the conversion of acrylate and isocyanate groups is shown in Figure 5.

crosslinking process.

Table 2. Main characteristic vibrations in IR spectra of nanocomposite before and after

1 o UVAE-SIO, UVAE-N75-Si0O, Comment
v (cm™) | Characteristic vibration
Before | After9.6s| Before | After9.6s
3530-3460 |v O—H alcohol, acid + + + + Overlap
3398-3300 |v N-H amide, amine + + Overlap
v =C—H mono- + + + +
3100 substituted benzene No change
2960, 2850 |v C—H (CHj3, CH,) + + + + No change
2272 v N=C (-N=C=0) + + Decrease clearly
1730 v C=0 ester + + + + No change
1636 v C=C acrylate + + + + Decrease, overlap
1609 v C=C benzene + + + + Overlap
1532-1518 |6 N-H amide + + Overlap
1510 v C=C benzene + + + + No change
1460, 1378 |6 C—H (CHs, CH,) + + + + Decrease
1250-1086 |v C-O- ester, ether + + + + Overlap
Srocking =CH—coNjugated + + + +
983 double bonds Decrease clearly
830, 756 8,mi C—H disubstituted + + + + Overlap
benzene 1,4
812 8 rocking =CHj acrylate + + + + Decrease, overlap
°\,?1[10 [ ] 0.6
= = 0.49
2 80 E o5
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Figure 5. Conversion of reactive functional groups in the coatings.

In addition, as shown in Figure 5, the AD bonds decreased rapidly from 0 to 0.3 s of UV
irradiation and were gradually slowly reduced in the range of 0.3-9.6 s of UV exposure. The
conversion of AD bonds in the coating containing 5 wt.% N75 (UVAE-N75/SiO,) degraded
more slightly compared to the coating without N75 (UVAE/SIO,). After 9.6 s of UV exposure,
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the remaining content of acrylate was 16.9 % for UVAE-N75/SiO, film and 14.9 % for
UVAE/SIO, film. The optical density of the characteristic absorbance of isocyanate groups (—
CNO) decreased from 0.49 to 0.41 au, but after 4 days, this value remained at 0.04 au (Figure
4b). It means that almost of the -CNO groups had been conversed.
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Figure 6. Evolution of GF and SD values for nanocomposite coatings.
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Scheme 1. UV curing reaction progress of BGDM, HDDA and 1184 [1].

Figure 6 presents the values of GF and SD of UVAE-N75/SiO, and UVAE/SiO,coatings.
In Figure 6a, during the curing process, the GF and SD values decreased quickly in the first 2.4 s
of UV exposure, then the rate slowed down. After 9.6 s of UV exposure, the GF and SD of
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UVAE-N75/SiO, film reached 94.28 % and 398.5 %, respectively, whilst the corresponding
values of UVAE/SIO, films were 95.18 % and 368.55 %. So, after 9.6 s of UV exposure, the GF
of UVAE-N75/SiO, film was lower and its swelling degree was higher than those of
UVAE/SIO; film, correspondingly. After 4 days, the GF of the UVAE-N75/SiO; film increased
from 94.28 to 97.42 and the SD decreased from 398.5 to 310.05 % (Figure 6b).

Accordingly, the addition of 5 wt.% polyisocyanate agent N75 to the UV-curable resin
system not only alleviated the conversion of AD bonds, but also reduced the GF and increased
the SD values (after 9.6 s of UV irradiation). However, after 4 days of curing, this paint film had
a higher GF and a lower SD compared to the coating without N75. The presence of N75, which
prevented the initiating free radicals from approaching the acrylate groups, can be a reason for
the slightly lower conversion of AD bonds and lower GF as well as higher SD after 9.6 s of UV
exposure. The lower GF and SD values were possibly caused by the lower participation of the
N75 agent during the curing process. Evidently, its characteristic IR peaks were slightly reduced
from 0.49 to 0.41. Since the N75 agent continued to react with —OH groups in the BGDM chain,
the GF increased and the swelling degree decreased noticeably. The ano-SiO, not only played
the role of a reinforcing filler but also reacted with the isocyanate groups.

In addition, during the crosslinking process, the content of -NCO groups decreased due to
the reaction with the OH groups of BGDM to form urethane structures (-NHCOO-). In the
presence of nano-SiO,, the NCO groups can also react with the —OH groups on the surface of the
nanoparticles [21] leading to a reduction of the -NCO groups and the formation of an inorganic-
organic hybrid structure and an increase of crosslinking density of the coating. Based on the
above obtained experimental data, the 2K/UV dual-cure reaction of BGDM, HDDA and N75 in
the presence of nano-SiO, can be described as follows (Scheme 1 and Scheme 2):

3.2. Effect of curing agent N75 on the properties of 2K/UV dual-cure nanocomposite
coating
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Scheme 2. Crosslinking reaction of Desmodur N75 polyisocyanate with —OH groups of BGDM and
nano-SiO, [21].
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Table 3. Effect of N75 on the GF, SD and mechanical properties of 2K/UV dual-curable nanocomposite

coating.

N° .. Content of N75 (wt.%)

Characteristic 0 55 5 75 10
1 |Gel Fraction (GF), % 94.93 96.21 97.22 97.28 97.33
2 |Swelling Degree (SD), % 378.52 350.24 310.05 295.78 290.65
3 |Adhesion (on Incense wood), Level 3 1 0 0 0
4 |Adhesion (on CT3 Steel), Level 3 2 1 1 1
5 |Relative Hardness 0.89 0.92 0.94 0.94 0.93
6 |Impact resistance, Kg.cm 40 70 90 80 65
7 |Abrasion resistance, L/mil 158 165 178 172 160

The GF, SD values and mechanical properties of the coating with different contents of N75
(0 - 10 wt.%) are illustrated in Table 3.

The data obtained showed that as the content of the curing agent N75 increased from 0 to
5 %, the GF, the adhesion to wood and steel, the relative hardness, the impact resistance, and the
falling sand abrasion resistance all increased, whilst the SD obviously decreased. The values
were 97.22 %, 0, 1, 0.94, 90 Kg.cm, 178 L/mil and 310.05 %, respectively. When the content of
N75 continued to increase by up to 10 %, the GF and the SD changed negligibly, the adhesion to
wood and steel remained as well as the relative hardness remained, and the impact resistance and
the abrasion resistance were both reduced.

As a consequence, the best mechanical property of the coating was achieved when 5 wt.%
of curing agent N75 was used. This finding could be explained by the fact that the coating was
cured more effectively with a more tightly structure when 5 wt.% N75 was used. However, at a
higher content of N75, the compact structure of nanocomposite coating could be deteriorated
significantly.

Figure 7 shows the FE-SEM images of UV-cure acrylate epoxy/SiO, nanocomposite
coating (UVAE/SIO,) and 2K/UV dual-curable acrylate epoxy/SiO, nanocomposite coating with
5 wt.% N75 (UVAE-N75/Si0,).

UVAE-N75/8i0,

100 nm 100 nm

IMS-NKL 5.0kV 5.1mm x100k SE(M) 500nm | IMS-NKL 5.0kV 5.1mm x100k SE(M)

Figure 7. FE-SEM images of UV-cure acrylate epoxy/SiO, nanocomposite coating (UVAE/SiO,) and
2K/UV dual-curable acrylate epoxy/SiO, nanocomposite coating with 5 wt.% of N75 (UVAE-N75/Si0,).
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Clearly, both coatings had a tight structure, the nano-SiO, particles were relatively well-
dispersed. The dispersion ability of the nano particles was independent of the presence of the
curing agent N75.

4. CONCLUSIONS

Crosslinking, mechanical properties and microstructure of 2K/UV dual-curable acrylate
epoxy/SiO, nanocomposite coatings have been evaluated under various fabricating conditions.

The presence of the curing agent N75 alleviated the conversion efficiency of AD bonds
during the curing process. The highest mechanical properties of the coatings were obtained when
5 wt.% of N75 curing agent was used. The highest values of GF, SD, adhesion (to wood and
steel substrates), relative hardness, impact resistance, abrasion resistance were 97.22 %, 310.05
%, 0, 1, 0.94, 90 Kg.cm, 178 L/mil, respectively.

The FESEM data indicated that nano-SiO, particles were homogeneously dispersed into
the UV cured coating, giving rise to its tight structure. In addition, the 2K/UV dual-curable
reaction of acrylate epoxy/SiO, nanocomposite coatings based on BGDM, HDDA, 1184, N75,
and nano-SiO, have been described in detail.
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