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ABSTRACT: Electron beam (EB) curing is a foldable hard coating
process and has attracted significant research attention in the field of
flexible electronic devices. In this study, we report a method for enhancing
material surface hardness with low-energy EB curing in a short time. The
low-energy EB improved the coating hardness of films by inducing cross-
linking polymerization of the silicon-containing monomer. The hardness of
the cured coating layer was measured as 3 H using a pencil hardness tester,
and the transparency of the coating was higher than 90%. Owing to a series
of cross-linking reactions between Si−O−C and Si−OH groups under EB
curing and the formation of Si−Si bonds, the cured layer exhibited
remarkable durability in the 100000-flexible cycle test. Additionally, the natural oxidation of the C−O groups on the surface of the
coating formed carboxyl groups that improved the hydrophilic properties of the coating layer. To the best of our knowledge, this is
the first study to propose that the hardness of polyethylene terephthalate films can be improved using low-energy EBs to rapidly cure
silicon-containing coatings. Our results provide a novel and commercially viable approach for improving the hardness of touch
screens and foldable displays.

1. INTRODUCTION

Hard coating materials have attracted significant attention,
owing to recent applications in foldable displays, touch panels,
and smart windows. Hard coating layers are prepared from
organic−inorganic hybrid materials based on colloidal siloxane
nanoparticles using the sol−gel method.1,2 To replace
conventional thin glasses in applications, hard coating layers
need to have a high light transmittance, low yellow index, high
flexibility, and excellent mechanical properties (high hardness
and scratch resistance). Although polyimide, polymethyl
methacrylate, and polyethylene terephthalate (PET) films
exhibit good folding resistance and low surface roughness,
these single-structured organic substrates have inherent
problems such as coloring, poor mechanical properties, poor
ultraviolet (UV) transmission resistance, and low hardness that
limit their applications in flexible electronic device coloring,
poor mechanical properties, poor UV transmission resistance,
and low hardness.3,4 To overcome these drawbacks, organic−
inorganic materials have been used to modify polymer surfaces
via different curing methods, such as thermal curing,5,6 UV
curing,7,8 and electron beam (EB) curing.9 These curing
methods enhance the hardness of coating materials, yielding
better folding performance. Traditional thermal curing
increases the hardness by changing the distribution of Si−O
and Si−H bonds via chemical changes in the material.10

However, long curing times, high energy consumption,
complicated processes, and insufficient heat penetration depths
restrict the application of thermal curing for hard coating. UV

curing induces chemical and structural changes in esters via
excited photons. During UV curing, photons induce photo-
initiator separation into free radicals or cations, which
combines monomers and oligomers in materials to polymers.
However, UV curing requires a photoinitiator to effectively
induce oligomer or single-molecule polymerization. Therefore,
UV curing is limited by various properties of the photo-
initiators, such as the reaction rate of the radicals and yellow
index. Moreover, the hardness of the coating layer often
depends on the type and amount of the photoinitiators used.11

This reduces the controllability of the experimental procedure.
Owing to its low energy consumption, environmental

friendliness, easy control, and rapid curing characteristics, EB
is used in various curing processes, such as composite
fabrication, hydrogel synthesis, wood product processing,
antibacterial modification, electrode manufacture, and surface
modification.12−20 EB curing generates free radicals to induce
polymerization in monomers, as in UV curing.21 In contrast to
UV curing, EB curing does not require the doping of specific
photoinitiators and directly initiates the connection reaction
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between the active parts.22 It is well known that the increase in
the surface hardness of cured materials is mainly due to the
formation and enrichment of Si−O−Si bonds. Previous studies
have confirmed that the Si−O−Si bond easily migrates to the
coating surface during the curing process to form a dense Si−
O−Si network structure, which gives the film surface excellent
mechanical properties.23 EB is also advantageous in that it does
not produce volatile organic compounds harmful to the
environment during curing. Moreover, recent studies have
shown that EB curing is more effective than UV curing in
enhancing the surface hardness of materials.24

Inspired by these motivations, we characterize a colloidal
siloxane solution coated on a PET substrate cured by EB
curing with different doses in this study. Since the EB dosage
serves as the only factor affecting the hardness of the cured
coating layer, the operability and controllability of the
experiment were simplified and improved. The cured colloidal
siloxane films exhibited outstanding foldability, high trans-
parency, and good hardness. Since the low-energy electrons
excited by the EB can directly excite the reaction sites of the

multifunctional monomers, such as the bonds between
oligomers and monomers, the hardness of the coating layer
is improved significantly.

2. RESULTS AND DISCUSSION
2.1. Optical Properties of the Coating Layer. Figure 1a

shows a schematic diagram of the EB curing of a colloidal
siloxane layer. The Si−H, Si−OH, and C−O bonds undergo
polymerization and oxidation under the combined action of
low-energy electrons and oxygen. To analyze the optical
influence of the PET substrate on colloidal siloxane after EB
curing, we measured the transmittance of various samples
coated on the PET substrate in the visible range, and the
results are shown in Figure 1b. The wavelength range of the
UV−visible spectrometer (Agilent, Cary 5000, USA) was set to
200 to 800 nm. The transmittance of the film exhibits a
significant drop in the 320 and 550 nm regions, which is
mainly due to the strong UV absorption of the colloidal
siloxane layer. In the wavelength range of 550−800 nm, the
transparency of various samples was stable at 90%. The change

Figure 1. (a) Schematic diagram showing the reaction process of colloidal silica in EB curing. Schematic of the relationship between the optical
characteristics and EB dose. (b) UV−visible (c) B*, (d) haze, and (e) transmittance.
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curve of the yellowness (B*), haze, and transmittance of the
colloidal siloxane layer after curing was investigated using a
haze meter (COH 400, Nippon Denshoku Co., Ltd., Japan), as
shown in Figure 1c,d, and e respectively. EB irradiation causes
the PET film to undergo thermal aging.25 The optical
performance decreased more significantly with an increase in
the EB dosage. Although the trend in the optical properties of
the colloidal silica coating on PET was negatively affected by
the EB, the trend of the change was positively correlated with
the optical change curve of PET. Therefore, it is inferred that
the decrease in the optical properties of colloidal silica is
mainly due to the yellowing of the PET substrate.
2.2. Fourier Transform Infrared and Raman Spectra.

To further confirm the presence of PET and the coating layer
under different conditions, we investigated the samples using a
Raman spectrometer (NS 200; Daejeon, Korea). As shown in
Figure 2a, the cross-linking reaction between the colloidal

siloxane was obtained by measuring the change in the strength
of the Si−Si bond after curing, using a high-resolution Raman
microscope. For the cured coating layer, the peak at 520 cm−1

is due to the Si−Si bond produced by the curing process.26,27

The other characteristic peaks are due to Si−O−Si bending
(1000−1200 cm−1), CH2 bending (1290 cm−1), and CO
stretching (between 1700 and 1750 cm−1).28,29

Fourier transform infrared (FT-IR) spectroscopy (Nicolet
iS50, Thermo Fisher co., Korea) was used to investigate the
desired functional groups in the cured coating layer. The water
contact angle of the colloidal siloxane/PET film after curing
with different doses of EB measured using a contact angle
meter (Smart Drop Lab, Korea) is shown in Figure 2c. The
size of the contact angle increased from 63.3 to 137.1° with an
increase in the excited EB dose from 0 to 100 kGy. Since the
colloidal siloxane coatings contain a large amount of
hydrophilic solvent, they exhibit better hydrophilicity than

Figure 2. (a) Raman spectra of PET (in brown) and colloidal siloxane cured with different doses: 0 kGy (in purple) 100 kGy (in green), 300 kGy
(in blue), 500 kGy (in red), and 700 kGy (in black). (b) FT-IR spectra of colloidal siloxane before (black) and after (red) EB curing at a dose of
500 kGy. (c) Water contact angle measurements of the colloidal siloxane layer with different doses.

Figure 3. (a) XPS Si 2p spectra of the colloidal siloxane coating layer (a) before and (b) after EB curing with 500 kGy. The O 1s spectra show the
peak positions of colloidal siloxane coating layer (c) before and (d) after EB curing with 500 kGy.
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PET substrates. When the dosage of EB was increased to 100
kGy, the aqueous solvent in the colloid volatilized. In the
process of increasing the EB dose from 100 to 700 kGy, the
combined effect of EB and oxygen oxidized the C−O bond
into a hydrophilic carboxyl group generated on the surface of
the hard coating. This increased the wettability of the coating
surface.30−32 Figure 2b shows the FT-IR spectra of the
colloidal siloxane and colloidal siloxane layers cured by EB at a
dose of 500 kGy. The following peaks were observed: the peak
at approximately 1730 cm−1 was derived from the CO
group,33 and the peaks at 1640 and 1400 cm−1 were due to
CC stretching.34,35 The intensity of the CC peak was
reduced significantly after EB curing, owing to oxidation. In
addition, the Si−O−Si peak (1000−1200 cm−1), Si−OH peak
(880−980 cm−1),36 Si−O−C peak (700−950 cm−1),37 and
CHn peak (740 cm−1) are also marked. The Si−O−C and Si−
OH peaks are converted into Si−Si and Si−O−Si bonds,
respectively. Thus, the intensity of these peaks weakened after
the curing process.
2.3. X-Ray Photoelectron Spectroscopy Analysis. The

O 1s spectrum shown in Figure 3 shows four peaks: Si−H
(100.2 eV), C−Si (101.2 eV), Si−OH (102.6 eV), Si−O−Si,
or C−Si−O−C (103.1 eV).38−41 However, only three peaks
are observed in the X-ray photoelectron spectroscopy (XPS)
(K-alpha, Thermo Fisher co., Waltham, USA) results of the
coating after EB curing in Figure 3b, corresponding to the Si−
Si bond (99.0 eV),42 Si−C bond (101.6 eV), and Si−O−Si
bond (103.6 eV). The OH and Si−H bonds disappear with the
formation of Si−Si bonds because the EB breaks the Si−H
bonds and converts them into free radical states. The
suspended silicon atoms then recombine into Si−Si
bonds.43−45 The other change in the silicon-containing
functional groups after EB curing is the change in the Si−
OH bonds to Si−O−Si bonds.10 Moreover, it can be seen in
Figure 3c,d that the EB-cured colloidal siloxane coating layer

further affects carbon-containing groups. Figure 3c shows that
the O 1s regions in the XPS spectra of colloidal siloxane can be
divided into four peaks at 531.1, 531.7, 532.9, and 533.6 eV.
These can be attributed to C−O, Si−O, Si−O−Si, and Si−O−
C, respectively.46−49 By contrast, the O1s peak of the EB-cured
sample in Figure 3d exhibits the following five peaks: OH
(531.2 eV),50 Si−O−Si (532.9 eV), Si−O (531.8 eV), C−OH
(533.3 eV),51 and O−CO (533.9 eV).52 It is worth noting
that the surface of the EB-cured sample lacks Si−O−C bonds.
Moreover, the peaks of the carboxyl functional groups and
hydrogen−oxygen bonds increased. The formation of the
carboxyl groups is mainly due to the combination of free
radicals and oxygen under the action of EBs to assist the
oxidation of C−O bonds in siloxane.30

2.4. Hardness Testing. Scratch resistance is an important
evaluation index for measuring the surface performance of
hardness coatings, and it determines the suitability of the
materials for various applications. To estimate the hardness of
the cured colloidal siloxane layers after EB curing, the cured
layers were measured using a pencil hardness tester (TO-540,
TESTONE Co., Ltd., Korea). The pencil was fixed above the
sample, and the angle between the pencil and the sample was
set to 45 °C. A test load of 1 kg was automatically pushed five
times in different areas on the sample for hardness evaluation.
Figure 4a shows that the hardness of colloidal siloxane-500
kGy reached the maximum value (3 H). By comparison, the
bare PET film exhibited a hardness of 1 H. These results can
be attributed to the cross-linking of the colloidal siloxane
monomers and oligomers during EB curing. Particularly, this
observation is due to the fact that the layer was not EB-cured,
and the EB dosage was 100 kGy. The degree of curing of the
coating is related to the EB dosage. When the EB dose was
further increased to 700 kGy, the hardness of the colloidal
siloxane coating was maintained at 3 H. This may be because
the thickness of the coating limits the hardness from increasing

Figure 4. (a) Hardness of the PET and colloidal siloxane layers at EB doses of 0, 100, 300, 500, and 700 kGy. Micrograph of a typical failure
pattern of (b) PET film and coated colloidal siloxane substrate with different doses after a pencil hardness test of 3 H. The scale bar is 1 mm. (c)
Schematic of digital pictures of EB-cured colloidal siloxane with 500 kGy doses. (d) Bare colloidal siloxane coating layer (left) and after bending
test after 105 cycles (right). The scale bar is 100 μm.
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further. Figure 4b (from left to right) shows the scratches on
PET and the colloidal siloxane layer after curing with different
doses of EB under an optical magnifier (Thermo Fisher
Scientific Co., Ltd., Korea). It can be seen that the scratches
reduce gradually as the EB dose increases during the curing
process. After the EB dose increased from 500 to 700 kGy, the
surface of the hard coating treated by the EB did not contain
any scratches. In particular, the colloidal siloxane layers
irradiated at 500 and 700 kGy maintained the integrity of
the surface structure of the coating layer after undergoing a
scratch test. At the same time, the hardness of the coating no
longer increased with an increase in the EB dose. This suggests
that when the EB dose is low, the hardness of the coating
mainly depends on the EB dose. However, when the EB dose is
increased to 500 kGy, the increase in the hardness of the
coating is mainly limited by the monomer or oligomer of the
coating itself.
2.5. Bending Testing. Resistance to bending fatigue is also

a common index for measuring the mechanical properties of
hard coatings. Since the colloidal siloxane layer is cured with
500 kGy, it exhibits excellent mechanical and optical
properties. Therefore, the EB-cured colloidal siloxane layer
with 500 kGy (bare) doses was selected for comparison after
the bending test with 105 cycles. The bending resistance of the
hard coating layers for 105 cycles was investigated using a
flexural endurance tester (CKMFET 1400M, CKSI Co., Ltd.,
Korea). A schematic of the U-shaped bending test of the
sample is shown in Figure 4c. The bending radius of the EB-
cured layer with a dosage of 500 kGy was set to 3 mm, and the
horizontal reciprocating distance of the cam with 300 rpm
rotation to the carrier was set to 2 cm. Figure 4d shows the
scanning electron microscopy images of the (left) bare sample
and (right) after 105 bending cycles. Compared with the bare
sample, no creases or cracks were observed on the surface of
the cured hard coating after 105 bending cycles, which
demonstrated that the hard coating was not structurally
damaged. This shows that the colloidal siloxane solution can
be converted into a flexible transparent coating layer with
exceptional mechanical properties through EB curing. More-
over, no wrinkles or delamination were observed in the crease
area of the coating, which also indicated that the hard coating
adhered well to the PET substrate.

3. CONCLUSIONS
We introduced a curing method to improve the surface
hydrophobicity and hardness of flexible curved transparent
coatings. We investigated the surface hardness, optical
properties, chemical structure, and folding resistance of the
coating layer after EB curing at different doses. The hardness of
the EB-cured coating layer reached 3 H, and the transparency
exceeded 90%. Furthermore, the bending resistance test of the
cured coating layer reached 105 cycles. A bending radius of 3
mm exhibited good bending resistance. Since the per-cured
coating solution is certain, the electrons excited by the low-
energy EB with a dose of 500 kGy penetrate the material and
convert the Si−OH and Si−O−C groups to Si−O−Si or Si−Si
bonds, respectively. Rapid transformation of the material phase
was realized while greatly increasing the hardness of the cured
coating. In addition, EB-catalyzed grafting of the carboxyl
group onto the coating surface enhances the hydrophilicity of
the colloidal siloxane hard coating layer. The results reveal that
the low-energy electrons excited by the EB contribute to the
rapid curing of the coating. It also improves the mechanical

properties by inducing crosslinking agents to promote the re-
condensation of monomers and oligomers. Finally, it is worth
noting that the oxidation induced by the low-energy EB in this
experiment increased the hydrophilicity of the coating surface.
Therefore, increasing the coating hardness while maintaining
the hydrophobicity of the coating is a challenging task and an
open scope for future work.

4. EXPERIMENTAL SECTION

4.1. Materials. The materials used in this experiment
included 40% colloidal siloxane hybrid solution (colloidal
siloxane), acetone, and isopropyl alcohol (IPA). Colloidal
siloxane containing single molecules was provided by Korea
Inno Tech (Changwon, Korea; 40 wt % solubility). The PET
film was purchased from KIMOTO Co., Ltd. (Japan; 100 μm).
The other reagents (acetone and IPA solution) maintained the
original concentration and state.

4.2. Preparation of the Colloidal Siloxane Layer. The
colloidal siloxane original ink was ultrasonicated for 5 min
using an ultrasonic cleaner (SD 200H, Wankyung Tech,
Korea) to obtain a homogeneous dispersion solution.
Subsequently, the previously processed colloidal siloxane
solution was coated on the PET substrate with a bar coater
to fabricate a per-cured coating layer at room temperature
(GBC-A4, GIST Co., Ltd., Korea). The colloidal siloxane
coatings were dried at room temperature and passed through
the EB emitting cavity at a rate of 3 m/min (EBlab-200,
COMET, Switzerland), and the colloidal siloxane layer coated
on the PET substrate was exposed to EB curing at 0, 100, 300,
500, and 700 kGy. The thickness of the coating was measured
using a Bruker stylus profiler (DektakXT, Bruker Korea Co.,
Ltd.) with a thickness gauge of 3.7 μm.

4.3. Characterization. The optical properties of the hard
coating layers were characterized using a color meter (Nipon
Denshoku Industries Co., Saitama Japan) and a UV−Vis
spectrometer (Cary 5000 UV−Vis−NIR, Agilent co., Santa
Clara, CA, USA). The thickness of the coating layers was
measured using a stylus profilometer (DektakXT, Bruker Co.,
Billerica, Germany), and the chemical state and surface
morphology of the coating layers were characterized using
XPS (K-alpha, Thermo Fisher co., Waltham, USA), high-
resolution Raman spectroscopy (NS200, Nanoscope co.,
Deajeon, Korea), FT-IR spectroscopy (Nicolet iS50, Thermo
Fisher co., Korea), and scanning electron microscopy (JSM-
6700F, JEOL Co., Akishima, Japan). The hydrophilicity was
measured using a contact angle analyzer (E-Flex Co., Bucheon,
Korea). The hardness and surface scratches of the layers were
measured using a motorized pencil hardness tester (CT-PC2,
Korea) and an imaging system (EVOS M5000, Thermo Fisher
co., Waltham, USA). The bending resistance of the coating
layers was measured using a flexible tester (CKMFET 1400M,
CKSI Co., Ltd., Korea).
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