
1. Introduction

Optically clear adhesives (OCAs) have recently
been applied in various industrial applications [1,
2], such as the use of acrylic OCAs for color filters
in liquid crystal displays [3]. Acrylic pressure-sen-
sitive adhesives (PSAs) blended with titanium oxide
[4], hafnium carboxyethyl acrylate [5], and zirconi-
um carboxyethyl acrylate [6] have also been studied
as OCAs for applications. These have a high refrac-
tive index, which can contribute to clearer images
on a display. Acrylic PSAs can be obtained through
various polymerization processes such as the emul-
sion [7–9], solvent-type [10], water-borne [11], and

radiation polymerization techniques [5]. However,
much attention has recently been devoted to the use
of more environmentally friendly processes, such as
the ultraviolet (UV) technique. The crosslinking
mechanism involved in UV curing has been thor-
oughly investigated [12, 13]. PSAs may be pro-
duced using UV-curing systems through exposure
to UV light in the presence of a suitable photo-ini-
tiator, which induces radical photopolymerization
and promotes the conversion of the monomer to
oligomers. This process has many advantages (e.g.,
it is solvent-free and has a low volatile organic com-
pound content), which are important in industries
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such as coating, painting, and adhesive production
[14–16].
In the assembly process for mobile devices, if there
is an issue after attaching the adhesive to the device,
it is often necessary to discard the entire module.
This is becoming a key issue, because these modules
are expensive and the process of remanufacturing the
modules becomes inefficient. In order to overcome
this problem, a stepwise curing procedure for OCAs
was developed in this study. Previously, stepwise
curing has been implemented as UV/thermal dual cur-
ing to overcome limitations related to the thickness
in UV curing [17]. However, this approach can result
in thermal damage of the module and is therefore of
limited applicability in smart device fabrication. In
contrast, stepwise curing in this study was conducted
by employing two UV curing steps, primary and sec-
ondary, in different ways. Before secondary curing,
the PSA exhibits relatively high softness, which can
enhance properties related to reworking. In the case
that a worker makes a mistake or follows a process
incorrectly, reworking can be performed before sec-
ondary curing. Moreover, a low modulus prior to sec-
ondary curing allows OCAs to overcome the height
difference of the frame. After the assembly is fin-
ished, a worker can proceed with secondary curing
to enhance the adhesion properties of the OCA, and
the final step-cured OCA can exhibit the properties
appropriate for device applications.
Stepwise curing can be realized using methyl
methacrylate (MMA) with OCA pre-polymers dur-
ing the synthesis of the adhesive. MMA belongs to
the methacrylate group of compounds that react slow-
ly compared to those in the acrylate group. The black
light (BL) lamp, which provides very weak UV light
energy, is also employed for primary curing. In gen-
eral, the properties of acrylic PSAs vary according
to the mechanical and chemical methods employed,
e.g., adjusting the amount or type of blended tacki-
fiers, the extent of the main chain cross-linkage [18],
and also the type of cross-linking system [19]. There-
fore, it is important to understand the differences in
the chemical and physical properties of the system,
and the possibility of complete curing when the
crosslinking process is divided into two steps.
Acrylic adhesives have often been used as OCAs
owing to their fast UV curability, clarity of the cured
adhesive, and excellent economical aspects. These ad-
hesives usually contain an acidic component, such as
acrylic acid (AA), to improve cohesion and supply

the remaining reaction sites with a curing agent [20].
However, if this acidic component is added to the
OCA, it could corrode the metallic circuits of the de-
vice underneath [21–23]. Therefore, the concept of
non-acid curing is emerging as an important aspect
of OCA development. It is necessary to study acrylic
PSAs without AA along with the possibility of step-
wise curing for their possible application in OCAs.
There are currently no published studies on either
OCAs without an acidic component or the perform-
ance of stepwise UV/UV curing. Accordingly, it is
necessary to perform an in-depth analysis of acid-
free acrylic OCAs and their potential compatibility
with stepwise curing. Two types of OCA prepoly-
mers were employed for our curing experiments: one
that contains AA and another that does not. In this
study, it was shown that after the polymerization of
solvent-free UV-curable OCA syrups in the presence
of methyl methacrylate as a polymerization inhibitor,
UV/UV-stepwise curing of OCAs both with and
without AA is possible.

2. Experimental

2.1. Materials

Two types of OCA were synthesized in this study:
OCA-1, a standard PSA that contains an acrylic acid,
and OCA-2, a PSA without acrylic acid. Acrylic
monomers, 2-ethylhexyl acrylate (2-EHA, 99.0%
purity) and acrylic acid (AA, 99.0% purity) were pur-
chased from Samchun Pure Chemical. Isobornyl acry-
late (IBA, 99% purity) was purchased from Sigma
Aldrich. Methyl methacrylate (MMA, 99.0% purity,
Samchun Pure Chemical) was used to reduce the re-
activity and 2-hydroxyethyl acrylate (2-HEA, 99%
purity, Samchun Pure Chemical) was used to im-
prove cohesion. All chemicals were used without
further purification. The specific ratios of the com-
pounds used in the synthesis of pre-polymers are list-
ed in Table 1.
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Table 1. Compositions of the raw materials used for the syn-
thesis of pre-polymers.

Sample name OCA-1 OCA-2

Monomer
composition [%]

2-ethylhexyl acrylate 64 62

Isobornyl acrylate 19 19

Acrylic acid 3 0

Methyl methacrylate 4 4

2-hydroxyethyl acrylate 10 15

Photo initiator [%]
Hydroxydimethyl
acetophenone

0.3 0.3



2.2. Synthesis of the pre-polymer

The pre-polymer was synthesized from 2-ethylhexyl
acrylate, acrylic acid, isobornyl acrylate, methyl
methacrylate, and 2-hydroxyethyl acrylate via bulk
radical polymerization [24]. Mixtures of monomers
were initiated with 0.3 wt% hydroxydimethyl ace-
tophenone(98% purity, Shinyoung Rad. Chem.). Poly-
merization was performed in a 500 ml four-necked
flask, with a mechanical stirrer, N2 inlet, thermome-
ter, and a light-emitting diode (LED) UV lamp. The
temperature was maintained at room temperature
(23 °C) with constant stirring at 100 rpm. After N2

purging for 30 min under constant stirring, the mono -
mer mixtures were subsequently exposed to a UV
lamp (20 mW/cm2), while increasing the tempera-
ture by 15°C and performing N2 purging. The chem-
ical reaction is shown in Figure 1. First, the C=C
double bond of the acrylate group of the monomer
is broken by the radicals generated via light-induced
cleavage of hydroxydimethyl acetophenone [25].
Acrylic groups containing radicals break through the
double bonds in the acrylic groups of other neigh-
boring monomers, and a continuous chain polymer-
ization reaction proceeds [26]. Because of steric ef-
fects and stability of the radical, methacrylates slowly
participate in the polymerization reaction [27]. The
added monomers are randomly arranged in the pre-
polymer. AA and MMA also participate in the reac-
tion, but their proportion in the prepolymer is small
because of the small addition amount. There is no

AA monomer unit in the chemical structure of the
OCA-2 prepolymer.

2.3. Preparation of UV-curable OCA syrup

UV-curable syrups were prepared by blending the
pre-polymer with ethoxylated (3) trimethylolpropane
triacrylate (EO3TMPTA, Sigma-Aldrich) and ethoxy-
lated (9) trimethylolpropane triacrylate (EO9TMPTA,
Sigma-Aldrich), at a ratio of 7:3. These are multi-
functional acrylates that are commonly employed to
evaluate blended binary systems.
A mixture of EO3TMPTA and EO9TMPTA was se-
lected to decrease the UV curing rate during primary
curing. This left unreacted monomers after primary
curing, which were consumed during secondary cur-
ing. Hydroxydimethyl acetophenone (Micure HP-8,
Miwon Specialty Chemical, Republic of Korea) was
used as the photo-initiator. The absorption ranges of
nm and 320–335 nm.

2.4. Preparation of cured acrylic OCA:

Step curing

OCA syrup was coated on corona-treated polyethyl-
ene terephthalate films (PET, SKC Co. Ltd., Repub-
lic of Korea) at a thickness of 100 µm. In the primary
curing steps, the coated resin was cured by passing
under a black light UV-curing machine equipped
with a low-pressure mercury UV lamp (20 mW/cm2,
main wavelength 365 nm) for different durations.
Light irradiance is inversely proportional to the dis-
tance of the UV lamp distance from the curing ma-
terials, which also changes the curing speed and be-
havior [28]. The UV lamp was placed 3 cm away
from the curing materials for primary curing. The
UV irradiation dose for primary curing was
0.3 J/cm2 per 1 min. OCA samples were cured for 2,
3, 4, and 5 min in the case of primary curing. Name-
ly, the samples were cured at 0.6, 0.9, 1.2, and
1.5 J/cm2, respectively, in the primary curing stage.
In primary curing, covalent bonds were formed by
suitable functional groups located on the triacrylate
binder molecule. Eventually, some polymer chains
were crosslinked [29].
In the secondary curing steps, the primary-cured film
was cured by passing under a conveyor-type metal
halide UV-curing machine equipped with medium-
pressure mercury UV lamps (154 mW/cm2, main
wavelength = 365 nm). The UV lamp was placed
15 cm away from the curing materials during sec-
ondary curing. The UV irradiation dose for secondary
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Figure 1. Synthesis of the OCA prepolymer.



curing was fixed at 3 J/cm2. In secondary curing, the
remaining triacrylate molecules in the binder reacted
with the acrylate polymer to form a crosslinked
three-dimensional network. The curing process is il-
lustrated in Figure 2.

2.5. Photo-differential scanning calorimetry

(Photo-DSC)

The UV-curing behavior of adhesives was evaluated
using a differential scanning calorimeter (DSC; DSC
Q200, TA Instruments, USA) equipped with a photo-
calorimetric accessory. The light source was spot-
cure (Omnicure-s2000, Excelitas, Waltham, MA,
USA), using a 100 W mercury-vapor lamp. The
amount of light energy was determined by placing
an empty open aluminum DSC pan on the sample
cell. The UV light level of the UV accessory with a
90% UV filter was 10. The sample weight was ap-
proximately 13−15 mg. All measurements were car-
ried out at a temperature of 25°C.

2.6. Adhesion properties

2.6.1. Peel strength

The bonded specimens were prepared as 25 mm
wide samples. The 180° peel strength was carried
out using a Texture Analyzer (TA-XT2i, Micro Sta-
ble Systems, UK). The specimens were left to stand
at room temperature for 24 h. A peeling test cross -
head speed of 300 mm/min was employed at a tem-
perature of 20°C, based on ASTM D3330. The force
was recorded in N units for three different runs, and
the average force was recorded as N/25 mm.

2.6.2. Probe tack

The probe tack was measured using a Texture Ana-
lyzer (TA-XT2i, Micro Stable Systems, UK) with a
5 mm diameter stainless steel cylinder probe at
20°C. In the first step, the approaching speed of the
probe was 0.5 mm/s. In the second step, the probe
was in contact with the surface of the OCAs for 1 s
at a constant pressure of 100 g/cm2 and the debonding

speed was 0.5 mm/s. The probe tack was used as a
measure of the maximum debonding force (ASTM
D3330).

2.7. Viscoelastic properties (DMA)

The temperature-dependence of the dynamic storage
modulus (E') and the tan δ values of the adhesives
were evaluated using a dynamic mechanical analyzer
(DMA Q800, TA instruments, USA) in the film-ten-
sion mode. Specimens of approximately 11–13 mm
length, 12 mm width, and 3 mm thickness were pre-
pared. The test was conducted at a strain rate of 0.1%
and frequency of 1 Hz, with a heating rate of
5 K/min within the temperature range of 213.15–
373.15 K.

2.8. Gel fraction

The gel fraction test is a convenient method for
measuring the quantity of insoluble components,
such as the fractions of crosslinked or network poly-
mers. Gel fraction depends on the solubility param-
eter of the solvent. In this study, toluene was selected
as the solvent. The gel content is a significant factor
in terms of curing behavior. The gel fractions of the
cross-linked adhesives were determined by soaking
them in toluene at 60°C for 24 h. The insoluble part
was removed by filtration and dried at 60 °C to a
constant weight. The gel fraction was calculated
using Equation (1):

Gel fraction [%] (1)

where w0 and w1 are the weights of adhesive before
and after filtration, respectively.

2.9. UV-visible spectroscopy

The transmittance of the UV-cured acrylic OCAs
was examined by UV-visible spectroscopy (UV-
2550, Shimadzu, Japan). The transmittance of two
release films was measured and used for the control
data. The transmittance of the OCA samples was

w
w
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Figure 2. UV/UV stepwise curing process for the OCA.



measured with a release film on both sides. The
transmittance was determined to be in the visible
range of 400–800 nm. The thicknesses of all acrylic
OCA films deposited between the transparent release
films were 60 µm.

3. Results and discussion

3.1. Photo-differential scanning calorimetry

(photo-DSC)

The reaction rate can be measured by monitoring the
rate at which heat is released from a polymerizing
sample, because polymerization is generally an exo -
thermic reaction. Therefore, the profiles of the heat
of reaction versus time, obtained by photo-DSC, can
be used to characterize reaction kinetics and evaluate
polymerization rate constants [30]. The crosslinking
sites that remain after primary curing cause an exo -
thermic reaction when exposed to UV during sec-
ondary curing. Figure 3a and 3c indicate the heat flow
for OCA-1 and OCA-2 samples irradiated with UV
light after primary curing, respectively. Many reac-
tion sites remained in the samples that were cured
with 0.6 J/cm2 UV light, resulting in a large amount

of additional reaction and heat generation. The sam-
ples that were cured at 0.9 J/cm2 exhibit a low exo -
thermic peak compared to that at 0.6 J/cm22, while
the samples that were cured at 1.2 and 1.5 J/cm2

show almost no peak. Figure 3b and 3d indicates the
remaining reaction sites and additional reactions of
the OCA-1 and OCA-2 samples after secondary cur-
ing. Very small peaks are observed only at 0.6 J/cm2

UV light exposure for the OCA-1 and OCA-2 sam-
ples, while almost no exothermic peaks are observed
in other samples after the second curing reaction.
This implies that, with the exception of the samples
that were exposed to 0.6 J/cm2 UV light energy
amount, almost all the reaction sites reacted during
secondary curing, and no additional crosslinking re-
actions occurred.
Figure 4 shows the integral of photo-DSC data. This
data represents the total amount of UV-induced re-
action during photo-DSC measurement, which is
equivalent to the quantity of residual reaction sites
after primary/secondary curing. The primary-cured
samples showed more additional reactions in both
the OCA-1 and OCA-2 samples at an illumination
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Figure 3. Real-time heat flow after (a) primary and (b) secondary curing steps for OCA-1, and after (c) primary and (d) sec-
ondary curing steps for OCA-2.



energy amount of 0.6 J/cm2 after primary curing, and
the amount of reaction decreased upon increasing the
energy amounts to 0.9, 1.2, and 1.5 J/cm2. After sec-
ondary curing, the samples showed a slight reaction
at an illumination energy amount of 0.6 J/cm2. Sam-
ples illuminated at 0.9, 1.2, and 1.5 J/cm2 rarely re-
acted, which implies that these samples were com-
pletely cured after the secondary curing step.
Figure 5 shows the maximum heat flows and the cor-
responding approach times for both primary and sec-
ondary curing. This data is crucial for describing the
primary curing of the samples. As shown in Figure 5a
and 5c, in case of primary curing, the heat flow val-
ues of the peaks decrease with increasing UV light ex-
posure time. The corresponding approach times tend
to increase as the amount of UV energy used in pri-
mary curing increases. This implies that during photo-
DSC, the reaction rate will be faster, and the extent
of reaction will be greater as the number of residual
sites increases after primary curing. The data for
samples after secondary curing, shown in Figure 5b
and 5d, is not particularly meaningful, since there
are no peaks in Figure 4b and 4d.

3.2. Adhesion property

3.2.1. Peel strength

Crosslinking density is an important parameter for
controlling the adhesion performance of a material
[31]. Figure 6 shows the peel strengths of OCA-1
and OCA-2 samples after primary and secondary
curing. The peel strength of all samples tended to in-
crease after secondary curing, especially the OCA-2
samples, which showed a large increase. Both the
OCA-1 and OCA-2 primary-cured samples showed
an increase in peel strength with increasing UV light
exposure time, except for the sample exposed to
1.5 J/cm2 UV light. This may be attributed to the for-
mation of a polymer network with high crosslinking
density with increased light exposure. The drop in
the fill value for 1.5 J/cm2 UV-exposed samples im-
plies that the fast crosslinking reaction triggered by
primary curing had an adverse effect on adhesion.
However, since after secondary curing, the samples
exhibit stable peel strength of 30 N/25 mm, the
crosslinking structure formed through secondary
curing may differ from that formed through primary
curing.
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Figure 4. Area under the exothermic curves corresponding to (a) primary and (b) secondary curing steps of OCA-1, and
(c) primary and (d) secondary curing steps of OCA-2.



3.2.2. Probe tack

Figure 7 shows the probe tack values of all samples.
The probe tack values increased significantly after
secondary curing when the UV light energy amount
for primary curing is 0.6 J/cm2. For UV light expo-
sure ≥0.9 J/cm2, the differences in probe tack values
between the primary-cured and secondary-cured sam-
ples are not significant. This result indicates that the
different crosslinking structures induced by primary

and secondary curing do not have a great influence
on tack values.

3.3. Viscoelastic properties (DMA)

The viscoelastic properties of PSAs are associated
with their adhesion performance and curing behav-
iors [4]. The storage modulus represents the elastic
deformation of PSAs and their hardness at a given
temperature and frequency [32]. Figure 8a and 8c rep-
resent the temperature-dependent storage modulus
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Figure 5. Maximum heat flows and corresponding approach times for (a) primary and (b) secondary curing steps of OCA-1,
and (c) primary and (d) secondary curing steps of OCA-2.

Figure 6. Peel strength as a function of UV light energy
amount.

Figure 7. Probe tack as function of UV light energy amount.



of cured acrylic OCA-1 and OCA-2, respectively,
after primary curing. This figure indicates a soft OCA
characteristic due to low curing density after primary
curing, thus leading to a low storage modulus. The
storage modulus is the lowest for 0.6 J/cm2 UV light
exposure and the hardness of the cured OCA increas-
es with increasing UV light exposure time, thus the
storage modulus tends to increase. The storage mod-
ulus increased after secondary curing, as shown in
Figure 8b and 8d.
Figure 9 shows the effect of temperature on the tanδ
of crosslinked acrylic PSAs after primary and second-
ary curing. The temperature at the maximum tan δ is
known to correspond to the glass transition temper-
ature (Tg) [33]. The primary-cured samples showed
a tan δ peak at the lowest temperature for 0.6 J/cm2

UV light exposure, and a peak near 0°C for 0.9 J/cm2

UV light exposure. The samples exposed to 1.2 and
1.5 J/cm2 UV light showed peaks at similar temper-
atures. The OCA-1 samples exhibited peaks at sim-
ilar temperatures after secondary curing, whereas
OCA-2 samples exposed to 0.6 J/cm2 UV light only

showed a lower Tg than other samples after second-
ary curing.

3.4. Gel-fraction test

The synthesized PSA pre-polymers contain acrylate
groups in their backbone, which undergo crosslinking
reactions when the material is irradiated by UV. The
crosslinking density of the obtained PSA samples can
be determined indirectly by calculating their corre-
sponding gel contents from the polymer insoluble
fractions [31]. Increased gel content implies higher
crosslinking reactions [34]. Here, the PSA gel content
was calculated after primary irradiation at various UV
doses, and after secondary UV doses. The changes in
the gel content after primary and secondary UV irra-
diations are shown in Figure 10. After primary UV
irradiation, the gel contents tended to increase with
increasing UV exposure. OCA-1 samples exposed to
0.9, 1.2, and 1.5 J/cm2 UV light exhibit a stable gel
fraction of more than 90%. This is because, the poly-
merization of the methacrylate mono mer in the resin
composite induces a highly crosslinked structure
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Figure 8. Temperature-dependence of the PSA storage modulus determined for different amounts of UV energy. Results are
shown for (a) primary and (b) secondary-cured OCA-1 samples, and (c) primary and (d) secondary-cured OCA-2
samples.



[35]. OCA-2 samples, which are synthesized without
AA, show a gel fraction as low as 80% when com-
pared to that of OCA-1 samples irradiated with UV
light for the same duration. This result implies that
the absence of AA has a negative effect on the

crosslinking reaction, which is consistent with the
low adhesive properties observed after primary cur-
ing of OCA-2. OCA-1 samples show little change in
gel fraction after secondary curing, whereas OCA-1
samples show a relatively large increase, from 80 to
84%, after secondary curing.

3.5. UV-visible spectroscopy

The transmittance of the OCAs is an important pa-
rameter, because it is directly related to the possibil-
ity of its use in display applications. In this study,
‘optically clear’ infers that more than 95% of visible
light can transmit through the adhesive, as shown in
Figure 11. Two release films not containing OCA
were used for baseline correction, which was equal
to 100%. The measured transmittances of the acrylic
PSAs are above 100%, indicating that the acrylic
PSA-coated PET films exhibit better transparency
than that of the neat films support [19].
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Figure 9. Temperature-dependent tanδ of crosslinked acrylic PSAs prepared with different amounts of UV energy: (a) pri-
mary and (b) secondary-cured OCA-1, (c) primary and (d) secondary-cured OCA-2.

Figure 10. Gel fractions of crosslinked acrylic OCAs pre-
pared using various amounts of UV energy.



4. Conclusions

The sequential curing behavior OCA samples with
and without acrylic acid was investigated with dif-
ferent UV irradiation times of primary curing. The
exhaustion of all reaction sites after secondary cur-
ing was also observed. Samples exposed to 0.6 J/cm2

UV light for primary curing were not fully cured
even after secondary curing. It was confirmed that
some reaction sites remained. In case of samples
cured using 0.6, 1.2, and 1.5 J/cm2 UV light energy,
which were fully cured after secondary curing, uni-
formly improved adhesion properties, storage mod-
ulus, and Tg were observed, regardless of the dura-
tion of primary curing. These results confirm that
UV/UV stepwise curing is possible for both acid/
non-acid OCA, and the appropriate primary curing
conditions for step curing is found to be UV energy
amount over 0.9 J/cm2. This study presents an ap-
proach that provides enhanced processability of
OCAs for use in mobile display manufacturing. Fur-
ther research will focus on introducing the possibil-

ity of step curing identified in this study to the actual
industrial manufacturing process for smart devices.
Based on the possibilities of step curing confirmed
in this study, further research and optimization of the
adhesion performance of primary and secondary-
cured OCAs suitable for industrial processes will be
conducted.
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