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Optically clear adhesives (OCAs) are key components of touch screen panels (TSPs). It is important that
OCAs do not affect the transparent electrodes in TSPs because OCAs are contacted to the transparent
electrodes. Therefore, N-vinyl caprolactam (NVC) was incorporated in the composition of an acrylic
pressure sensitive adhesive (PSA) with excluding an acidic component to maintain the cohesion for OCA
preparation. With increasing amounts of NVC, the tack and peel strength of UV-cured PSA increased, but
high amounts of NVC led to decreased peel strength. The UV-cured PSA ﬁlms were placed in a high
temperature and humidity chamber for 8 weeks to investigate the durability and corrosion property
under hygrothermal conditions. In this study, the corrosion test method using copper foil was suggested
as a simple and economical method and was used to evaluate the effect of NVC on the corrosion property
of PSA. This method helped identify suitable OCAs that do not have corrosive property. PSA ﬁlms containing more than 20 wt% of NVC promoted the corrosion of copper foil under hygrothermal aging
conditions. The caprolactam ring was opened by moisture, and the PSA structure morphed into a polar
structure during the aging process. This change caused a glass transition shift, an increase in the storage
modulus at the rubbery plateau, and an increase in peel strength. The surface free energy of the PSA ﬁlms
also increased due to the increase in the polar property. However, high amounts of NVC caused a
decrease in the peel strength after 8 weeks of aging because of increased molecular interactions.
& 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
Touch screen panels (TSPs) are common input tools, the
application of which in electronic devices is currently expanding.
TSPs comprise a cover window, transparent electrodes, and a
display module. These constituents are attached to one another
with optically clear adhesives (OCAs). In this study, “optically
clear” infers that more than 90% of visible light can transmit
through the adhesive. This property is essential for displaying the
images passing through each component of the TSP on the display
module. Generally, an OCA is contacted on the cover window and
transparent electrodes, especially in capacitive-type TSPs (Fig. 1),
which are commonly used in recent electronic devices [1].
Therefore, it is important for OCAs not to inﬂuence the transparent electrode because the electrode is a key component driving
the TSP.
n
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Acrylic adhesives were mostly chosen as OCAs due to their fast
UV curability and excellent clarity and economical aspect. These
adhesives usually contain an acidic component, which is representative of acrylic acid (AA), to improve the cohesion and supply
the remaining reaction site with a curing agent. However, if this
acidic component was added to the OCA, it can corrode the transparent electrode contacted to the OCA [2]. Therefore, the acidic
component should be excluded from the OCA; however, it is
essential to incorporate an alternative material into the OCA to
maintain the cohesion.
N-vinyl caprolactam (NVC) can be a good replacement for AA.
The nitrogen atom in an NVC structure has high electronegativity;
therefore, NVC can help enhance the cohesion of OCAs. NVC has
been employed in other studies for medical pressure sensitive
adhesives (PSAs) [3,4], self-adhesive products, such as labels [5,6],
drug delivery systems [7], and dental materials [8].
Several studies on OCAs have been published. Acrylic OCAs for
color ﬁlters in liquid crystal displays have been reported by Chang
and Holguin. OCAs were applied to color ﬁlters and changed to a
near-structural adhesive by UV and thermal curing [9]. Titanium
oxide [10], hafnium carboxyethyl acrylate [11], and zirconium
carboxyethyl acrylate [12] blended acrylic PSAs have also been

138

C.-H. Park et al. / International Journal of Adhesion & Adhesives 63 (2015) 137–144

Table 1
Monomer ratio for premix preparation by UV irradiation.

2-EHA (wt%)
IBOA (wt%)
NVC (wt%)
Tg of cured PSA ﬁlm (°C)a
a

#1

#2

#3

#4

#5

60
40
0
 40.8

60
35
5
 32.1

60
30
10
 28

60
20
20
 16.6

60
0
40
 22.6

Measured by ARES.

2.2. Monomer premix preparation
Fig. 1. Capacitive type TSP structure and OCA application.

studied for OCA applications; the main property of those blends
being a high refractive index, which can contribute to clearer
images on the display. Various companies have applied for several
patents on OCA (pressure sensitive adhesive (PSA) type) or optically clear resins (OCRs, liquid resins) [2,13–16].
A more important property of OCAs compared to the refractive
index is the anti-corrosion property towards transparent electrodes. The refractive index of a generic acrylic adhesive is adequate
to produce a clear image. In addition, the above-mentioned papers
studied AA-containing PSAs as OCAs. Therefore, acrylic PSAs
without AA and with an anti-corrosion property need to be studied for application in OCAs. Studies on PSAs that do not have an
acidic component and on the corrosive property of PSAs toward a
substrate, in this case, a transparent electrode (conductive substrate), have not been published. Accordingly, it is necessary to
study this topic – acid-free acrylic PSAs and their properties.
The purpose of this research is to characterize an acrylic OCA,
with NVC being incorporated in the main polymer backbone,
which will protect the transparent electrodes from corrosion by
the OCA. Therefore, a PSA-type OCA was prepared with varying
amounts of NVC, and its adhesion performance was measured. The
durability of the OCA is also important because TSPs will be more
widely used in long-term electronic products, such as white goods
or automobiles. However, this property has not yet been studied;
therefore, the durability of the PSAs prepared in this study should
be assessed, as well. Hygrothermal aging is generally used as a test
method to determine the suitability of an OCA before any actual
application by intentional exposition to a harsh environment.
Consequently, the prepared OCA was submitted to property tests
including adhesion performance and corrosion property after
exposition to hygrothermal aging conditions. Additionally, a
method for detecting the corrosive property of PSA toward the
transparent electrode was suggested as a simple and economical
one.

A 300 mL round-bottomed ﬂask was equipped with a
mechanical stirrer, thermometer and N2 purging tube. Then, each
monomer was charged into the ﬂask, in concentrations given in
Table 1. The amount of photoinitiator used was 0.04 phr. Five
monomer premixes with different amounts of NVC were prepared by UV-irradiating 2-EHA, IBOA, NVC, and the photoinitiator
mixture using a UV-spot cure system (SP-9, USHIO, Japan) of
40 mW/cm2 intensity under a N2-rich atmosphere for approximately 3 min. The average viscosity of all the monomer premixes
after UV irradiation was approximately 870 cPs, as measured with
a Brookﬁeld viscometer using a No. 4 spindle under 750 rpm
at room temperature. The molecular weight of each monomer
premix was detected by gel permeation chromatography. The
monomer premix was diluted with tetrahydrofuran to 1%. The
instrument was Agilent 1100 S (USA) and 5-μm polystyrene column was used.
2.3. Coating and curing
Each premix was blended with 0.1 phr of HDDA and 0.15 phr of
additional photoinitiator using a paste mixer (Daewha Tech Co.
Ltd, Republic of Korea) for 5 min under 1000 rpm. The heat generated during blending was not considered. These mixtures were
coated on a PET ﬁlm for peel strength measurements and the drythickness of the coated PSAs was 175 μm. The mixtures were also
coated on a release ﬁlm for viscoelastic property measurements
and the dry-thickness of the coated PSAs was 500 μm. The coated
samples were UV-cured using conveyor belt type UV-curing
equipment with 1000 mJ/cm2 doses and formed the PSA ﬁlm after
UV-curing.
2.4. Gel fraction

2. Experimental

To measure the gel fraction of each sample, the UV-cured PSA
ﬁlms were soaked in toluene for 24 h at 50 °C after weighing each
sample. After eliminating the toluene, the swelled PSA ﬁlms were
fully dried for 24 h at 50 °C. After drying, the samples were
weighed, and the gel fraction was ﬁnally determined. The gel
fraction of the cured PSA ﬁlms was calculated from the following
equation.

2.1. Materials

Gel fraction (%) = ( W1/W0 ) × 100

2-Ethylhexyl acrylate (2-EHA, Samchun Pure Chemical, Republic of Korea), isobornyl acrylate (IBOA, Sigma-Aldrich, USA), and
N-vinyl caprolactam (NVC, Sigma-Aldrich, USA) were used to
prepare the monomer premix. 1,6-Hexanediol diacrylate (HDDA,
Miwon Specialty Chemicals, Republic of Korea) was used as a
crosslinking agent. The photoinitiator for the premix preparation
and UV-curing was α,α-dimethoxy-α-phenylacetophenone (Irgacure 651, BASF, Germany). All reagents were used without any
further puriﬁcation.

where W0 is the initial weight of the sample and W1 is the solvent
extracted weight [17].
2.5. Transmittance
A UV/visible spectrophotometer (Cary 100 UV–vis, Agilent
Technologies, USA) was used to evaluate the visible light transmittance of the PSA ﬁlms used as OCAs in this experiment. The
wavelengths of the measurements ranged from 400 to 700 nm.
The UV-cured PSA ﬁlms, which were coated on the PET ﬁlm, were

C.-H. Park et al. / International Journal of Adhesion & Adhesives 63 (2015) 137–144

loaded on the equipment, and a bare PET ﬁlm was used for setting
the baseline (100% transmittance).

2.6. Tack and peel strength
The probe tack and peel strength were measured with a Texture Analyzer (TA.XT. plus, Stable Micro Systems, UK) at room
temperature. The probe was a cylinder with a 5-mm diameter
made of stainless steel. The probe was contacted on the surface of
the PSA ﬁlm at a speed of 0.5 mm/s and with a force of 100 g/cm2
for 1 s. Then, the probe was detached at a speed of 10 mm/s. The
maximum force when the probe was detached from the PSA ﬁlm
surface was regarded as the probe tack result. The substrates used
in the peel strength test were glass and polycarbonate (PC), which
are representative materials for a TSP cover window. A 1-in. wide
PSA ﬁlm was attached to each substrate and was pressed twice by
a 2 kg rubber roller. The test speed was 5 mm/s. The peel strength
measurements were performed 24 h after preparing the specimens. The peel strength was determined by the average force
during the test.
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2.9. Viscoelastic property
The viscoelastic property was observed using an advanced
rheometric expansion system (ARES, Rheometric Scientiﬁc, USA).
The test sample contained 20 wt% NVC as a representative
example of a PSA ﬁlm to evaluate the aging behavior in this study.
The temperature sweep test was carried out from  50 to 150 °C
with a heating rate of 3 °C/min. The frequency was 1 rad/s, and the
strain was 1%. A parallel plate accessory with a 25 mm diameter
was used for the measurement. The gap between the two parallel
plates was 500 μm. The shear storage modulus was plotted as a
function of increasing temperature.
2.10. Surface free energy
The surface free energy of the substrate was obtained by
measuring contact angles using a contact angle analyzer (Phoenix10, Surface Electro Optics, Republic of Korea). Distilled water,
diiodomethane, and formamide were used to calculate the surface
free energy of glass and PC based on the Lewis acid–base theory
for contact angles [19,20]. The surface free energy of the PSA ﬁlm
containing 20 wt% NVC as a representative specimen was measured before aging and after 2, 4, and 8 weeks aging.

2.7. Aging conditions
2.11. X-ray photoelectron spectroscopy (XPS)
The aging conditions for the examination of the durability and
corrosion property of the PSA ﬁlms were 50 °C and 80% relative
humidity (RH). The UV-cured PSA ﬁlms were stored in a conditioned oven for 2, 4, and 8 weeks. After each aging period, each
PSA ﬁlm was assessed in terms of the peel strength, corrosion
property, surface property, and viscoelastic property.

2.8. Corrosion test through copper foil color change and resistance
increase
The corrosive property of PSA towards transparent electrodes
was indirectly tested via the color change of copper foil, which is a
simple and economical method. The UV-cured PSA ﬁlms were
deposited on copper foil and stored under the aging conditions
mentioned in Section 2.7, for 2, 4, and 8 weeks. The color of the
copper foil changed gradually with time. The color of the copper
foil was detected by a spectrophotometer (TECHKON SP 820 λ,
TECHKON GmbH, Germany). The lightness (L), redness (a), and
yellowness (b) values were determined and used to calculate the
degree of the color change, ΔE, according to the following equation.

3. Results and discussion
3.1. UV-cured PSA ﬁlms as OCAs
All coated samples were UV-cured and formed a PSA ﬁlm after
UV irradiation. In Fig. 2, the gel fraction of the PSA ﬁlm was very
low without NVC. The gel fraction was similar regardless of the
amount of NVC after its incorporation. Upon incorporating NVC,
the interaction among the molecules was promoted due to
the relatively higher polarity of NVC compared to that of the
other monomer components. This high polarity is caused by the

(L1 − L2 )2 + (a1 − a2 )2 + (b1 − b2 )2

where, L1, a1, and b1 correspond to data before aging and L2, a2,
and b2 correspond to data after each aging period [18].
Moreover, the resistance increase was measured by employing
a sputtered indium tin oxide (ITO) transparent electrode on a PET
ﬁlm. The UV-cured PSA ﬁlms adhered to the ITO ﬁlm, and the
surface resistance was measured using a low resistivity meter
(MCP-T610, Mitsubishi Chemical, Japan) before aging and after
2 and 4 weeks of aging for comparison with the copper foil color
change test. The measurement point was located close to the PSA
attachment. The resistance increase was calculated from the following equation:

Resistance increase (%) = (R2 − R1)/R1 × 100
where R1 is the initial surface resistance and R2 is the surface
resistance after the aging period (2 and 4 weeks).

100

Gel Fraction (%)

∆E =

The XPS instrument was an Axis-HSI (Kratos Inc., UK) spectrometer equipped with a Mg/Al dual anode, and the X-ray power
was 10 mA, 15 kV. The ﬁtting method was a combination of
Gaussian and Lorentzian_GL(30) using the casaXPS program for
element peak deconvolution. The UV-cured 500 μm PSA ﬁlm
containing 20 wt% NVC was used for the measurement to investigate its alteration after 2 weeks of aging. The C1s spectra were
obtained from each individual peak related to the various functional groups that contain carbon atoms.
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Fig. 2. Gel fraction of the UV-cured PSA ﬁlms as a function of the amount of NVC.
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Fig. 3. Visible light transmittance of the UV-cured PSA ﬁlms deposited on a PET
ﬁlm. (baseline: bare PET ﬁlm).

3.2. Adhesion performance
3.2.1. Tack
Fig. 4(a) shows the tack and fracture energy of the UV-cured
PSA ﬁlms. Fig. 4(b) shows the debonding behavior of the samples
during the tack measurement, illustrated as a stress–strain curve.
The tack increased with the amount of NVC because of its high
polar property that arises from the nitrogen atom in its structure.
This polar property increased the cohesion of the PSA. The tack
was similar for samples containing between 0 and 5 wt% of NVC.
However, the fracture energy increased for the samples containing
5 wt% of NVC because the cohesion of the PSA increased upon
incorporating the NVC into the PSA. In Fig. 4(b), more force was
required to debond ﬁbrils from the probe surface in the tack
measurement of the sample containing 5 wt% of NVC than for the
sample without NVC.
This result is related to not only the increase of NVC amount
but also the molecular weight of the monomer premix before UVcuring as shown in Table 2. Table 2 represents Mn and Mw of the
monomer premixes before UV-curing. The crosslink density of the
UV-cured PSA ﬁlms were also provided. The crosslink density was
calculated from the following equation.

G = νRT
where G is the shear modulus of the polymer, ν is the crosslink
density, R is the gas constant (8.314 cm3 MPa K  1 mol  1), and T is
temperature (K) [21]. The molecular weight of the monomer
premixes increased with increasing NVC amount although UV was
irradiated during the same time and the viscosity after UV irradiation was similar. NVC amount affected the molecular weight of
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nitrogen atom present in NVC. The promoted interaction among
the molecules led to a high gel fraction in the UV-cured PSA
ﬁlm. The polarity of NVC affected the cohesion of the UV-cured
PSA ﬁlms [3] and is connected to the adhesion or viscoelastic
properties.
The visible light transmittance of the UV-cured ﬁlms was also
approximately 100%; therefore, all prepared samples had excellent
clarity and satisﬁed the optically clear criterion, as shown in Fig. 3.
The transmittance calibration was carried out before the measurement using a bare PET ﬁlm, which is transparent and uncoated. That is, the transmittance value of the bare PET ﬁlm is 100%.
For that reason, the 100% transmittance of the specimen (PSAcoated PET ﬁlm) implies similar clarity compared to that of the
bare PET ﬁlm. More than 100% of transmittance implies a higher
transparency of the PSA-coated PET ﬁlm than that of the bare PET
ﬁlm. All components were miscible, therefore, the PSA ﬁlms were
achieved without haze.
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Fig. 4. Probe tack value and fracture energy (a) and stress–strain curve (b) of the
UV-cured PSA ﬁlms as a function of the amount of NVC.

the monomer premix and the crosslink density of the UV-cured
PSA ﬁlm.
Tack values were maintained when incorporating more than
10 wt% of NVC. The fracture energy decreased when the amount of
NVC in the PSA was 10 wt% because of elevated tack and decreased
ﬁbrillation due to the increased cohesion compared to samples
with 0 or 5 wt% of NVC. Then, the fracture energy increased again
upon increasing the amount of NVC. The increased intermolecular
forces owing to increasing amounts of NVC and the increased
entanglement due to the increased molecular weight of the
monomer premix led to strong ﬁbrillation. The stress–strain curve
shows the largest force required to debond ﬁbrillated PSA from the
probe surface for the sample containing 20 wt% of NVC. The second peak in the stress–strain curve supports this result. The fracture energy decreased once more for the sample containing
40 wt% of NVC because of highly increased cohesion among
molecules. In this case, ﬁbrillation did not occur.
3.2.2. Peel strength
The peel strength followed a similar trend on both glass and PC,
regardless of the substrate, as shown in Fig. 5. The peel strength
increased with increasing molecular weight and NVC amount of
the monomer premix. This result is related to increased molecular
interaction, which is connected to the elevated cohesion of the
PSA. Additionally, high molecular weight can give high viscoelastic
energy dissipation during debonding due to molecular entanglement [22]. Finally, high peel adhesion of the PSA was accomplished with increasing amounts of NVC. However, the peel
strength decreased for the sample containing 40 wt% of NVC
because the extremely high cohesion caused a low peel adhesion.
This is because high molecular weight and crosslink density
brought out restricted molecular mobility. According to this reason, less viscous ﬂow occurred when PSA was bonded to substrate
[22].
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Table 2
Molecular weight of partially UV-polymerized monomer premixes and crosslinking density of the PSA ﬁlms after UV-curing.
NVC (wt%)
Mn (g/mol)
Mw (g/mol)
Crosslink densitya after UV-curing (10  3 mol/cc)
a

0
626,500
1,322,600
0.055

5
791,500
2,087,900
0.061

10
1,394,500
2,809,000
0.08

20
1,329,800
2,705,300
0.154

40
2,364,400
4,186,400
0.245

Calculated from the storage modulus value at rubbery plateau measured by ARES.
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Fig. 5. Peel strength of the UV-cured PSA ﬁlms with different amounts of NVC.
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Fig. 7. Copper foil color change due to the UV-cured PSA ﬁlms (a) and comparison
between the resistance increase measurement and the color change (ΔE) (b) under
aging conditions.

Fig. 6. Surface free energy of the substrates and UV-cured PSA ﬁlms.

The difference in the peel adhesion on the two types of substrates arises from the difference in the surface free energy of the
two substrates. Fig. 6 illustrates the difference in the surface free
energy among 3 types of specimens: PC, glass, and PSA (2-EHA:
60 wt%, IBOA: 20 wt%, NVC: 20 wt%). The peel strength has a high
value when the substrate and PSA ﬁlm have similar surface free
energies [23]. The UV-cured PSA ﬁlm expresses a similar surface
free energy compared to PC and a different (lower) surface free
energy compared to glass. Accordingly, the peel strength was
higher on the PC than on the glass substrate.
Meanwhile, the thermodynamic work of adhesion (Wa) can be
obtained from the following equation.

Wa = 2 γSLW (adh) γSLW (sub) + 2 γS−(adh)γS+(sub) γS+(adh)γS−(sub)
The subscripts “adh” and “sub” refer to the adhesive and the
substrate, respectively. γSLW is the dispersive component. γs  and
γs þ are the acid and base components, respectively [24]. The
calculated Wa of PSA containing 20 wt% of NVC on the glass substrate was 138.98 mN/m and on the PC substrate was 126.74 mN/
m. The Wa value corresponds to the amount of work expended to
inhibit the interface under reversible or equilibrium conditions.
The Wa of the adhesive joints increased with the surface energy of
the substrates [24]. The Wa of the PSA on the glass substrate was

higher than that on the PC substrate. This trend indicates that
more effort was needed to form chemical bonds between the glass
substrate and PSA. Therefore, the peel strength on the glass substrate was also lower than that on the PC substrate.
3.3. Aging behavior
3.3.1. Corrosion property
In Fig. 7(a), the change in color of the copper foil upon
attaching the UV-cured PSA was monitored for 8 weeks under the
aging conditions. More than 20 wt% of NVC affected the severe
copper foil color change. However, 5 wt% of NVC did not change
the color of the copper foil and thus, the effect of small amounts of
NVC on the copper foil was negligible. Moreover, 10 wt% of NVC
lead to a slight increase in the ΔE of the copper foil to approximately ΔE ¼10. This result implies that, although an acidic component was excluded, an excess amount of polar material might
cause latent corrosion via a reaction between PSA and copper in a
long-range perspective. More than 20 wt% of NVC turned the
copper foil almost black, which corresponds to values of ΔE 425.
This black color is that of copper oxide [25]. The high electronegativity of the nitrogen atom in the NVC structure and that of
the carboxyl group formed by the opening of the caprolactam ring
facilitated the oxidation of copper under the hygrothermal aging
conditions. The caprolactam ring-opening reaction under the
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aging conditions will be discussed again in Section 3.3.4. Copper
ions were formed by electron loss and reacted with oxygen.
Finally, copper oxide was formed, and the color change was
observed during the aging process.
The resistance increase of the ITO by PSA adhesion and the ΔE
are plotted together in Fig. 7(b). The measurement of the resistance increase was carried out for the ﬁrst 4 weeks because the ΔE
did not change dramatically between 4 and 8 weeks, as shown in
Fig. 7(a). The measured samples contained 0 and 20 wt% of NVC.
These samples were selected because the difference in ΔE was
largest between those samples, whereas the samples containing
5 wt% and 10 wt% of NVC had ΔE values similar to that of the
sample without NVC. Moreover, the samples containing 20 wt%
and 40 wt% of NVC had similar ΔE values. The ITO resistance
increased signiﬁcantly for 4 weeks, as shown by the ΔE results.
The resistance increase of the 20 wt% NVC sample was greater
than that of the sample without NVC, which is consistent with the
trend in ΔE. The corrosion property of the PSA can be judged early
through the copper foil color change test compared to the resistance increase measurement because the ΔE of copper foil showed
a sharp increase in comparison with the slower resistance increase
of the ITO within 2 weeks. The copper foil color change test can
provide information on the PSA corrosion property at an earlier
time than the resistance increase measurement.
3.3.2. Viscoelastic property
The glass transition temperature (Tg) was shifted to a higher
temperature range, as conﬁrmed by the storage modulus in Fig. 8
and is correlated with restricted molecular mobility. The storage
modulus at the rubbery plateau area also increased with the aging
time, indicating that a more crosslinked structure was formed [21].
In other words, the shift in Tg and the increase of the storage
modulus at the rubbery plateau are related to the increased
molecular interaction and crosslinked structure. In this experiment, the increased molecular interaction during the aging process may be due to hydrogen bonding. The structural change of the
molecules that construct the PSA occurred under the high temperature and humidity conditions. This molecular change might
induce the hydrogen bonding. Thus, a surface free energy analysis
and XPS monitoring were carried out to investigate the origin of
the viscoelastic property change.

theory. In this graph, the increase in the polar component is clearly
observed, implying that the number of polar functional groups
increased on the surface of the PSA ﬁlm; thus, the PSA structure
morphed into a polar structure during the aging process. This
phenomenon can be related to the shift in Tg of the PSA mentioned
in Section 3.3.2, which induced attraction among molecules, as
observed in viscoelastic property.
3.3.4. XPS spectra
According to Fig. 10, differences in the XPS spectra are observed
before and after hygrothermal aging. The viscoelastic property was
largely altered after 2 weeks of aging. On that account, the XPS
spectra were characterized before and after 2 weeks of aging. After
aging, the (C ¼O)N related peak disappeared [26,27] ], and a broad
peak related to the O–C ¼O carboxyl group appeared [28,29]. This
substitution reﬂects the change from the (C ¼O)N group of the
caprolactam ring to an –NH group by reaction under humid
60
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Fig. 9. Surface free energy change of the PSA ﬁlm containing 20 wt% of NVC during
aging.

3.3.3. Surface free energy
The surface free energy of the PSA increased with aging time.
The increased surface free energy of the PSA is related to the
increase in the polar component of the PSA matrix. Fig. 9 shows
the surface free energy, which is the sum of the polar component
and the dispersive component according to the Lewis acid–base
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Fig. 8. Shear storage modulus of the aged samples containing 20 wt% of NVC.

Fig. 10. C1s spectra of the sample containing 20 wt% of NVC before (down) and
after (up) aging.
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Peel Strength (N/in)

25

Substrate : Glass
Aging (weeks)
0
2
4
8

20

15

10

5

0
0

10

20

30

40

NVC Amount (wt%)

Peel Strength (N/in)

25

Substrate : Polycarbonate
Aging (weeks)
0
2
4
8

20

and 40 wt% of NVC. This tendency was remarkable on the glass
substrate. The increased peel strength during the aging process is
due to increased molecular interactions by the formation of –NH
and –COOH functional groups by the caprolactam ring-opening
reaction, as suggested by the XPS results. These groups are highly
polar and can induce hydrogen bonding among other molecules.
Hence, the cohesion of the PSA ﬁlms could increase. However,
excessively increased cohesion caused decreased peel strength.
Speciﬁcally, the decrease in peel strength after 8 weeks of aging
can be explained by the large polarity of the glass substrate, as
shown in Fig. 5. The –NH and –COOH polar groups in the PSA
polymer side chains are more easily oriented toward the glass
substrate compared to the PC substrate during the period between
the sample preparation and the peel strength measurement. The
highly increased intermolecular forces hindered the formation
of bonds at the interface between the PSA and the substrate.
This increase caused the lower adhesion strength on the glass
substrate.
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Fig. 12. Peel strength on the glass substrate (a) and on the PC substrate (b) for
8 weeks under aging conditions.

conditions. The carboxyl group was also formed as a result of the
caprolactam ring-opening reaction with (C ¼O)N dissipation.
These phenomena contributed to the surface free energy and
viscoelastic property change caused by the increase in polar
groups. Fig. 11 shows the expected caprolactam ring-opening
reaction by moisture corresponding to the XPS results.
3.3.5. Peel strength
The change in the peel strength of the samples under the
hygrothermal aging conditions is plotted in Fig. 12. The change in
peel strength showed similar trends for both substrates, although
the numerical value was slightly different. The peel strength
increased for the 4 weeks aged samples but decreased for the
8 weeks aged samples, especially for the samples containing 20

NVC was employed to prepare a non-corrosive PSA for application in TSPs, especially when contacted to transparent electrodes
to bond each layer. The prepared PSA ﬁlms exhibited excellent
transparency and did not seriously affect the conductive substrate
(copper foil) unless more than 20 wt% of NVC was incorporated in
the PSA matrix. The corrosion test method of the UV-cured PSA
using copper foil was effective because it exhibited an early
response, which is the color change of the copper foil, compared to
the direct use of a transparent electrode. To examine the stability
of UV-cured PSAs under high temperature and humidity conditions, the viscoelastic property was measured. The storage modulus at the rubbery plateau increased, and the Tg was shifted to
high temperatures during the aging process because of the
increased molecular interactions caused by hydrogen bonding
with the polar functional groups. The opened caprolactam ring
forms carboxyl groups under humid conditions, which induce
hydrogen bonding. Accordingly, the UV-cured PSA ﬁlms morphed
into a more polar structure as well. This result was supported by
the surface free energy and XPS measurements. The peel strength
of the samples increased until 4 weeks of aging due to the
increased polar property of the PSA but decreased after 8 weeks of
aging because of the extremely high interaction and cohesion
among the molecules. Speciﬁcally, samples containing more than
20 wt% of NVC followed that trend.
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