
UV-curable organic–inorganic hybrid hard coatings for metal
sheets

Woo-Chan Choi, Seong-Hyeop Kim, Won-Ki Lee, Saravanan Nagappan, Chang-Sik Ha

� American Coatings Association 2018

Abstract A new type of UV-curable organic–inor-
ganic hybrid oligomer was synthesized from
vinyltrimethoxysilane (VTMS), tetraethylorthosilicate,
and colloidal silica (CS) using a sol–gel method. UV-
curable hybrid hard coating formulations were then
prepared by mixing the organic–inorganic hybrid
oligomer and acrylic monomers, trimethylolpropane
triacrylate and tetrahydrofurfuryl acrylate, with a
levelling agent and a photoinitiator. The oligomer
was hydrolyzed and condensed from alkoxysilane and
CS to obtain the UV-cured hybrid films. The hybrid
oligomer and resulting hybrid films were characterized
by Fourier transform infrared spectroscopy, 29Si
nuclear magnetic resonance spectroscopy, scanning
electron microscopy, and ultraviolet–visible spec-
trophotometry to confirm the chemical functionality,
oxo-silicon signal, cross-sectional morphology, and
transparency, respectively. When the concentration of
the CS/VTMS mixture in the organic–inorganic hybrid
oligomer was 0.50 mol, remarkable pencil hardness (up
to 5H) with excellent transparency was observed. The
hardness and transparency of the UV-cured hybrid

coating films were improved significantly by increasing
the CS content in the organic–inorganic hybrid
oligomer.

Keywords UV-curable coatings, Organic–inorganic
hybrid oligomer, Hard coating, Pre-coated metal

Introduction

Organic–inorganic hybrid materials have attracted
considerable research interest for a wide variety of
applications, such as energy, environmental, and bio-
logical applications.1,2 This is due mainly to the
combination of organic and inorganic components in
a single material, which enhance the final properties of
the material.3 Currently, organic–inorganic hybrids
have attracted attention in the coating industry
because they can enhance the properties, such as
transparency, mechanical, chemical and thermal sta-
bility, abrasion resistance, surface adhesion, and hard-
ness.4 Various techniques are used to coat the prepared
organic–inorganic nanohybrids on a substrate, such as
dip coating, spray coating, spin-coating, brush-coating,
and electrospraying.5 These coating techniques allow
the easy deposition of thin layers of organic–inorganic
hybrid materials on a substrate for desirable applica-
tions. On the other hand, volatile organic compounds
(VOCs) used in the organic–inorganic hybrid coating
material may be carcinogenic and environmentally
hazardous.6 These hazards can be overcome using
solvent-free or water-based coating techniques. Re-
cently, a solvent-free ultraviolet–visible (UV) light
curable coating system has attracted interest in the
coating industry because of the easy curable approach
under UV light.7 The UV-curable coating system has
been used in a range of substrates, such as glass,
fabrics, aluminum, steel, and other metal substrates
depending on the applications.8
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Pre-coated metal sheets (PCMs) are generally
referred to as metal sheets that have been covered by
painting or coating with a coating material. PCMs are
manufactured in a sheet or coil coating line, processed,
and assembled in factories to make household electri-
cal appliances, building materials, and products with-
out a painting process.9–11 Scheme 1 presents a
schematic diagram of a UV-curable PCM coating line.
The forming technology of PCMs is well developed for
applications to various industrial uses. To expand their
applications, there is increasing demand for function-
alized PCMs. On the other hand, most coatings for
PCMs have limited applications because of their
surfaces with low hardness, which can be scratched
easily by friction or abrasion.12 Similarly, organic
solvents are generally used with organic–inorganic
hybrid materials to coat the PCM sheet. Solvent-type
coatings are affordable and have superb properties, but
the great deal of VOCs generated during the manu-
facturing process causes environmental problems.
Therefore, a coating material for PCMs requires good
hardness and needs to be produced using a solvent-free
method.

In general, two types of hard coating systems are
used: thermally curable polysiloxane-based and acry-
late-based UV-curable organic–inorganic hybrid sys-
tems. Among them, the UV-curable hybrid coating
system is a representative eco-friendly coating method
owing to its solvent-free approach.13 The use of
organo-functional silanes can improve the mechanical
properties, hardness, thermal stability, and adhesion to
specific organic coating systems compared to sol–gel
materials based on non-functional organo-silanes.14,15

In particular, the inorganic content of organic–inor-
ganic hybrid coating formulations must be adjusted in
organic components to overcome their rigidity, which
causes cracking when the materials are cured by UV
light. The sol–gel process is generally used to ensure an
optimal hybrid coating on PCMs.

In this study, a novel UV-curable organic–inorganic
hybrid oligomer, acrylate-modified colloidal silica, was
produced by a sol–gel reaction. The modified colloidal

silica was mixed with a multifunctional oligomer and
mono-functional acrylate, which act as a curing agent
and viscosity controller, respectively. The resulting
UV-curable organic–inorganic hybrid coatings on a
steel sheet were cured by UV irradiation, and the
chemical and physical properties of the coated PCM
substrates were investigated.

Method

Tetraethylorthosilicate (TEOS) and vinyltrimethoxysi-
lane (VTMS) were purchased from Dow Corning.
Colloidal silica (CS, Ludox HS30, 12 nm mean particle
diameter), trimethylolpropane triacrylate (TMPTA,
Miwon Commercial, Korea), tetrahydrofurfuryl acry-
late (THFA, Miwon Commercial, Korea), hydroxyl
dimethyl acetophenone (Micure HP-8, Miwon Specialty
Chemical, Korea), a levelling agent (TEGO-2500,
Evonik), isopropyl alcohol (IPA), and anhydrous
ethanol (Samchun Chemical, Korea) were obtained
from the respective companies and used without purifi-
cation. Galvanized steel sheet (Dongkuk Steel, Korea)
with a thickness of 0.5 mm was used as the substrate.

Scheme 2 presents the preparation procedure of the
UV-curable hybrid coatings. First, the organic–inor-
ganic hybrid oligomers were prepared under an ambi-
ent atmosphere by stirring with a mixture of IPA,
ethanol, and formic acid as the catalyst, and distilled
water with the following mole ratio: VTMS/TEOS/CS/
IPA/ethanol/formic acid/H2O = 1:0.025:x:1:3:0.01:4.5
for 12 h. The variation factor ‘x’ was 0.0, 0.2, 0.3, 0.4,
and 0.5, as listed in Table 1. Second, the UV-curable
organic–inorganic hybrid oligomers were obtained by
mixing the reactive TEOS, VTMS, and CS, followed by
modifying with mono and multifunctional acrylates
(THFA and TMPTA) by stirring at 25�C for 1 h. The
composition of 3-functional acrylate (TMPTA) in the
coating formulations was fixed to 30 wt% based on the
total inorganic components due to the proper curing
speed and rigidity. The mixtures were then evaporated
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to eliminate the alcohol and water in a rotary vacuum
evaporator. The photoinitiator (HP-8) and levelling
agent (TEGO-2500) were added to this evaporated
oligomer for the UV-curable coating. Finally, UV-
curable hybrid coatings were obtained after 2 h of an
evaporation process. The curable coatings were cast

onto a glass plate at room temperature and cured in a
conveyor belt type UV curing machine equipped with a
mercury lamp (160 W/cm, main wavelength: 365 nm,
UV dose: 2000 mJ/cm2, arc system). To measure the
discoloration during the UV resistance tests, a bar
coater (No. 20) was used to coat each UV-curable
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coating formulation on a white-colored steel sheet. The
thickness of the obtained films was approximately
20 lm.

The viscosities of the organic–inorganic hybrid
oligomers with different CS contents were evaluated
by pouring the organic–inorganic hybrid oligomers into
50-mL cylinders using a Brookfield viscometer with an
S62 spindle at a rotation speed of 100 rpm and 15�C.
The chemical bonding and functionality of the samples
were investigated by Fourier transform infrared spec-
troscopy (FTIR, Perkin Elmer Clarus 500). 29Si liquid
state nuclear magnetic resonance (NMR, Bruker
Avance III HD 400, 400 MHz) spectroscopy was
performed at room temperature (20�C) with a Bruker
BBO probe. Chloroform-d (CDCl3 with 0.01% tetram-
ethylsilane (TMS, Aldrich) was used as the solvent of
organic–inorganic hybrid oligomer and chromium(III)
acetyl acetonate was used as the spin relaxation agent.
The optical transmission spectrum of the hybrid
coating films was obtained on a UV–Vis spectrometer
against bare soda-lime glass. Scanning electron micro-
scopy (SEM, JEOL 840) was used to view the cross
sections and microstructures. The samples were coated
with gold prior to the measurement. The alkali
resistance of the UV-cured films was also estimated
after immersion in a 10% aqueous NaOH solution for
24 h at room temperature (JIS K-5400). The other
measurements were conducted using ASTM and JIS
standards, such as the pendulum hardness (ASTM D-
4366), pencil hardness (ASTM D-3363), cross cut test
(ASTM D-3359), boiling resistance (JIS K-5400) and
UV light resistance (JIS K-5400).

Results and discussion

Viscosity

Table 2 lists the viscosity, torque, and hybrid solid
content of the organic–inorganic hybrid oligomers.
Their solid contents were calculated after vacuum
evaporation. All values for the oligomers increased
with increasing CS content. On the other hand, an
oligomer with a controlled viscosity has an advantage

in forming a well-levelled film. All hybrid oligomers
were found to be suitable for the bar coating process in
this experiment. A CS content of up to 0.5 wt% was
used for the experiment. At higher concentrations, the
films were extremely brittle and could not be used for
these measurements.

FTIR spectra

The change in the chemical structure before and after
UV curing was analyzed by FTIR spectroscopy
(Fig. 1). The hybrid coating formulation showed typ-
ical peaks of C–H asymmetric and symmetric stretch-
ing bands (2940 and 2890 cm�1), acrylate functional
group (1636 and 810 cm�1), and stronger Si–O–Si
(1075 cm�1) bands before UV curing. The acrylate
peaks at 1636 and 810 cm�1, which were assigned to
the C=C and =CH bonds, respectively, almost disap-
peared after UV exposure. This suggests that the
reaction had occurred successfully in the C=C bonds of
the acrylates.

NMR spectra

29Si-NMR spectroscopy is a useful method to analyze
the internal structure of silicone species. The Si
chemical shift is linked directly to the close environ-
ment of the Si atom. In the case of trifunctional
alkoxysilanes, R-Si(OR¢)3, the chemical shifts of silicon
vary from d = �30 to �70 ppm. In this range, four
groups, corresponding to the different environments of
silicon, are observed. The conventional Tn notation,
where T represents a silicon atom and n is the number
of bridging oxygen atoms, is used to describe the
inorganic network of hydrolyzed and condensed
monomers. According to this notation, T0, T1, T2,
and T3 represents monomeric groups, end groups of
chains, middle groups in chains or cycles, and fully
branched sites, respectively. Liquid state NMR spec-
troscopy has been implemented to investigate the
structure of the UV-curable hybrid material subse-
quent to UV curing of VTMS. The different environ-

Table 1: UV-curable hybrid coating formulations with different amounts of CS

Formulations Mol ratio of the inorganic components Relative intensity of T3/T2 in the 29Si-NMR spectra

VTMS TEOS CS

(a) 1 0.025 0.0 1.6
(b) 1 0.025 0.2 2.5
(c) 1 0.025 0.3 3.0
(d) 1 0.025 0.4 3.2
(e) 1 0.025 0.5 3.9

For the final coating formulations, 60 wt% of the inorganic components and 40 wt% of organic components (30 wt% TMPTA
and 10 wt% of THFA) were used unless noted otherwise. The contents of HP-8 (a photoinitiator) and TEGO (a leveling agent)
were fixed to 5 and 0.5 phr based on the total weight of the organic–inorganic hybrid oligomer
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ments at the silicon center (Tn) depend on the degree
of condensation. For trialkoxysilane precursors, Tn

indicates the fraction of units with one siloxane bond –
O–Si– attached to the central silicon.16,17

Figure 2 shows the 29Si-NMR spectra of UV-curable
hybrid coating formulations in the liquid state. The Q1

signal represents a type of silanol (Si–OH) structure
stretched on a Si atom, e.g., Si–O–Si–(OH)3. The T1

signal was observed in sample (a) only and not in the
other samples (Fig. 2a). This signal means that the
hydrolysis of sample (a) was not sufficient because of
its chemical composition design. For example, a lack of
catalyst, water, or solvent can cause imperfect hydrol-
ysis. On increasing the CS contents, however, the ratio
of the T3 to other Tn signals, including in particular T2,
was increased as shown in Figs. 2b–2e and Table 1.
This means that alkoxysilane had been well-absorbed
on the CS surface at higher CS contents, so that the
sample could reach an oxo-silicon (–O–Si–O–) rich
state by the increasing degree of condensation between
VTMS or TEOS on CS, making the film harder.

SEM images

SEM was used to observe the adhesion morphology,
film thickness, and cracking phenomenon in cross

sections of the UV-cured hybrid coating films. Figure 3
shows a cross-sectional view of the hybrid layers coated
on the substrate. The structure of the raw substrate
consisted of an organic coating layer (clear coating
layer, base coating layer, and primer coating layer),
galvanized layer, and body. The organic coating layers
were made of a polyester-melamine-based polymer.
The thickness of the hybrid films on the coated
substrate were approximately 20 lm. SEM showed
that all the coating formulations were coated uniformly
on the PCM substrates at CS contents of up to 5 wt%,
even though the surface roughness increased with
increasing CS content due to the higher inorganic
component in the hybrid material (Figs. 2a–2e). The
optimal mole ratio of the CS/VTMS mixture for a
better surface coating and performance of organic–
inorganic hybrid oligomers on the coated substrate was
found to be < 0.5. The substrate became brittle above
the optimal level due to higher content of inorganic
particles on the substrate, which reduced the adhesion
strength between the materials and substrate.

UV–visible transmission spectroscopy

The optical transmission of the UV-cured hybrid
coating films was measured using a UV–Vis spec-
trophotometer. The soda-lime glass substrate showed a
transparency of 93% at a wavelength of 400 nm,
whereas the transparency was reduced further in the
visible wavelength range. The transparency of the
hybrid-coated soda-lime glass substrates showed en-
hanced transparency, regardless of the CS content
(Fig. 4). The coating films prepared with the maximum
CS content showed excellent transparency, approxi-
mately 100%, compared to the films with a low CS
content due to the homogeneous distribution of reac-
tive functional materials on the coated substrates.18

This is not surprising if one considers that average
particle size of CS in the film is 20–25 nm, and thus, the
CS nanoparticles can reduce the reflection of the
coated surface in the visible wavelength region.19

Mechanical and other properties

Figure 5 presents the pendulum hardness of the UV-
cured hybrid coating films. The hardness of the samples
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Fig. 1: FTIR spectra of UV-curable hybrid coating
formulation before and after UV curing

Table 2: Viscosity of organic–inorganic hybrid oligomers with different contents of CS

Formulations Viscosity (cp) Torque (%) Solid content (%)

(a) 111.3 37.1 48.65
(b) 184.5 61.5 49.27
(c) 213.0 71.0 49.74
(d) 232.7 78.6 50.16
(e) 238.1 79.4 50.28
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showed relatively constant values at a UV dose
> 2000 mJ/cm2, regardless of CS content. Based on
this result, the UV dose for curing was then fixed for
further UV curing throughout the experiments to

measure the properties of the coating films. The
pendulum hardness increased linearly with increasing
CS contents due to the better adhesion and formation
of the rigid structure of the organic–inorganic hybrid
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Fig. 2: 29Si NMR spectra of UV-curable hybrid coating formulations (a–e) in the liquid state. The coating formulations are
listed in Table 2
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oligomer on the coated substrate. Similar phenomena
were also observed for the pencil hardness test. Higher
hardness was predicted with a higher CS content in the
coating materials. The hybrid coating films were
strengthened by increasing the inorganic component
due to its rigid property. It should be noted here that
though our preliminary T-bend tests for all the coating
formulations showed some cracks this was not a
concern, since the coatings in this study were for
applications in a high hardness sheet type which might
not need flexibility. This is why PCMs with high
hardness, which usually show poor processibility and
flexibility, can apply to sheet-typed forms, interior
material, refrigerator door, TV back panel, and so on.

The stability of the UV-cured hybrid layer to UV
exposure is quite important for outdoor applications.
The UV resistance of the coated substrate was checked
using Konica Minolta Color Systems (CR-400). The
UV lamp was composed of UV-B radiation (wave-

length: 313 nm with an optical power of 15 W/m2;
distance between a sample and the light source of
20 cm, for 3 days) and the test was carried out by
placing the samples (a–e) at 20 cm away from the
lamp. The yellowing index (DYI) of the coating films
was measured as a function of the UV exposure time.
DYI is used widely as a semi-quantitative expression in
UV resistance; a small DYI indicates good UV resis-
tance.20 Figure 6 shows the yellowing index values of
the different hybrid coating films. The yellowing
indices of the cured samples decreased with increasing
CS contents, meaning that the UV resistance of the
cured samples increased with increasing CS contents.
In general, oxo-silicon may be too strong for UV
radiation due to their strong metal-oxygen bonding.
The organic acrylates in the hybrid coatings may be a
major factor influencing the yellowing index values.

The alkali resistance and cross cutter test (CCT) of
the UV-cured hybrid coating films were also evaluated
according to proper national standards mentioned in
the characterization section.

Figure 7 shows that all prepared films were unaf-
fected by exposure to a 10% NaOH solution for 24 h at
room temperature. In this study, the CS content did
not influence alkali resistance of the coated films in
24 h. The results mean good chemical resistance of the
organic–inorganic hybrid oligomer, which suggests the
potential use of the coating formulations on steel and
other substrates for prevention from corrosion.

A CCT test is used to evaluate the adhesive property
between the base material and coating films. According
to the ASTM D-3359 standard, after processing each
coated test specimen, 100 squares with a 1 mm length
and width were prepared using a cross hatch cutter.
After adhesive tape was pressed and stuck to the
squares, the tape was detached rapidly, and the number
of undetached squares remaining was then counted and
marked. The mean value of five measurements was
calculated. All the prepared coating films perfectly
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Fig. 4: UV-Visible transmission spectra of UV-cured hybrid
coating films (a–e) on soda-lime glass. The coating
formulations are listed in Table 2
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passed the CCT (100 ea passed/100 squares). The CCT
test showed excellent adhesion of the cured hybrid
coating films to the substrate. Table 3 lists the overall
performance of the UV-cured hybrid coating films on
the PCM sheet. In a previous study,21 a UV-curable
cycloaliphatic polyester polyol-based (PUPCL) coating
film was developed for the coating of PCMs. Although
the PUPCL film exhibited good CCT property (100/
100) and water resistance, it showed lower pendulum
hardness (120 s), poorer UV resistance (yellowing
index: +7.41), and lower hardness (HB) than the
hybrid coating films in the present work. The alkali
resistance under 10% NaOH of the hybrid coating film
was superior to that of the previous PUPCL film
because the PUPCL film was affected when exposed to
10% NaOH as well as 5% NaOH for 5 days.

In terms of commercial applications, these tests have
been used to estimate the standard of PCMs. In
particular, the pendulum hardness, UV resistance,
and alkali resistance were discussed with regard to
the effects of the CS contents. The results suggest that
excellent stability can be achieved using the prepared
organic–inorganic hybrid oligomer with the optimal CS
content.

Conclusion

UV-curable hybrid hard coating materials were syn-
thesized by a sol–gel process with acrylates (TMPTA
and THFA) for applications as hard coatings of PCMs.
Chemical bonding, microstructure of cross section, and

Chemical
resistance

Result

Cross cutter test

Result

Unaffected Unaffected Unaffected

No peel off No peel off No peel off

(a) (c) (e)

Fig. 7: Alkali resistance for a 10% NaOH solution and CCT results of UV-cured hybrid coating films. The coating
formulations (a, c and e) are listed in Table 2

Table 3: The performance of UV-cured hybrid coating films

Formulations Pendulum
hardness (s)

CCT
(ea)

Alkali resistance
(10% NaOH)

Pencil
hardness (H)

Yellowing
index (UV-B)

Crack*
(0 or 1)

(a) 173 100/100 Unaffected 1 + 5.04 0
(b) 180 100/100 Unaffected 3 + 4.97 0
(c) 182 100/100 Unaffected 3 + 4.88 0
(d) 183.4 100/100 Unaffected 4 + 4.37 0
(e) 187 100/100 Unaffected 5 + 3.77 0

*Crack (0: no crack observed on the film/1: crack observed on the film)
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oxo-crosslinking were studied by FTIR spectroscopy,
SEM, and 29Si-NMR spectroscopy, respectively. The
transmittance of the hybrid coatings was excellent
compared to that of soda-lime glass. No cracks were
observed in any of the coated samples. The maximum
pencil hardness of the UV-curable hybrid coating film
on PCMs was 5 H when the composition of CS/VTMS
was 0.5. In conclusion, these UV-curable hybrid hard
coating films showed excellent performance compared
to that of commercial PCMs in terms of UV resistance,
chemical resistance, cross cutter test, and surface
hardness. In this study, a hard coating on PCMs with
hybrid coatings can be a new candidate material for
indoor/outdoor use.
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