Chemical Engineering Journal 406 (2021) 126800

Contents lists available at ScienceDirect

CHEMICAL
ENGINEERING
JOURNAL

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej ‘ =) @

Stretchable and recoverable acrylate-based pressure sensitive adhesives with

. . . . . . Check for
high adhesion performance, optical clarity, and metal corrosion resistance | %
Ju Hak Lee™', Jintae Park”, Min Hoon Myung®, Myung-Jin Baek”, Hak-Sun Kim",
Dong Woog Lee™"
#School of Energy & Chemical Engineering, Ulsan National Institute of Science and Technology (UNIST), Ulsan 44919, Republic of Korea
" Department of Electrical Engineering, Ulsan National Institute of Science and Technology (UNIST), Ulsan 44919, Republic of Korea
HIGHLIGHTS GRAPHICAL ABSTRACT
® Acrylate-based stretchable, optically Deformation
transparent PSAs are synthesized. t
® Synthesized PSAs exhibit high adhe- Immediate *\AVHA i(
sion strength and rapid strain reversi- — Recovery 0”0 07 oH
F
bility. PSA k]/\
® PSAs show high optical transparency e \ j
in the visible regime. PSA -
., . poly(2EHA-AA)
® PSAs exhibit excellent compatibility —
with the corrosion sensitive layer. ‘
® Pre-strain  strategy  enables in- u
NisT
stantaneous recovery of PSAs upon
strain relaxation.
\ b S Display device application
ARTICLE INFO ABSTRACT
Keywords: In the era of the Internet of Things, digital displays play a critical role in human-machine interfaces. In parti-
Pressure sensitive adhesive cular, displays applied to contemporary devices such as flexible smart watches and foldable/rollable electronics
Reversibility underline the need for pertinent materials and device technologies to fulfill their designed functions. However,
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despite the technical advancements of electronic components such as stretchable/flexible electrodes and flexible
backplanes, their proper assembly remains a challenge. Herein, we report the compositional effect of acrylic acid
(AA) on the physical properties of as-synthesized pressure sensitive adhesives (PSAs), especially on their ad-
hesion performance in terms of wettability and peel adhesion. Accordingly, an empirical criterion for intimate
wetting is proposed based on the storage modulus of the PSAs. In this study, the PSA with the best adhesion
performance was evaluated for its viscoelastic properties and suitability for specific applications. The results
demonstrated the strain-dependent conformational recovery of the adhesive; the implementation of the prestrain
strategy enables rapid strain reversibility at 25% of the total strain. Furthermore, the AA-incorporated PSAs
exhibited remarkable metal corrosion resistance as well as high optical clarity. Thus, this fundamental study of
stretchable PSAs can provide useful guidance for the development of advanced PSAs that can be used in a wide
range of applications involving display devices.
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1. Introduction

Displays are vital components of standard human-machine inter-
faces in contemporary electronic devices, as they provide machine data
to users and user feedback/response to machines [1,2]. Consequently,
the use of related materials and display technologies is an important
requisite for the development of advanced electronic devices. The
structures of displays have been evolving from a stiff and rigid plate
shape (e.g., SAMSUNG Galaxy S1 and Apple iPhone 1) to a flexible or
curved form (e.g., SAMSUNG Galaxy S9 Plus and Nubia Alpha Smart
watches); this has been aimed at increasing the level of intimacy be-
tween the user and the device. Although flexible/stretchable displays
are desirable in everyday appliances such as televisions, mobile phones,
and smart watches for user convenience, they are indispensable for
specialized devices such as epidermal electronics comprising designs
that can be utilized in biomedical applications and healthcare systems
[1,3,4].

In accordance with the advancements made in display technologies,
pressure sensitive adhesives (PSAs) have been widely used for assem-
bling display components [5,6]; this is due to their flexibility, high
viscoelasticity [7], and ability to minimize the discrepancies in re-
fractive index by filling air gaps, thereby contributing to the clarity of
the image displays [8]. Although PSAs form adhesive bonds with their
substrates upon the application of a low pressure, they can be peeled off
without the formation of any residue in most cases [9]. Moreover, as
they do not require post-treatments such as solvent evaporation and
curing using heat or chemicals, PSAs are considered advantageous over
all other classes of adhesives [10]. Among these different classes, ac-
rylate-based PSAs are widely used in various fields as they facilitate the
formation of diverse material designs; this is because they are composed
of a variety of monomers with different functional groups [11,12].
However, the intrinsic properties of conventional PSAs hinder their
applicability as stretchable adhesives, which is a result of their rigidity,
irreversibility upon stretching, or optical opaqueness.

Therefore, the physical properties of acrylic PSAs have been in-
tensively investigated for their utilization in stretchable and flexible
displays [5,7,13]; the results revealed a tradeoff relationship between
peel adhesion and strain reversibility, which is related to flexibility or
stretchability. Some researchers proposed ultraviolet (UV) patterning as
a strategy to optimize the recovery and relaxation of the PSAs used in
flexible display applications [5]. The authors claimed that recovery and
relaxation are important considerations for PSAs because the former is a
prerequisite for stretchable/flexible devices as it prevents permanent
(or plastic) deformation, while the latter significantly hinders the de-
lamination that can lead to stress corrosion and cracking of the as-
sembled display. Notably, recovery is defined as a restoring force of
materials that depends on the change in entropy, which in turn relies on
their molecular structure and length in accordance with the thermo-
dynamics of rubber elasticity [14]. The term “relaxation” signifies that
the stress applied in a system is relaxed through molecular motions,
which in turn implies that the elongation of polymer chains or networks
with low-crosslinking density (or percolation networks) vary with in-
creasing entropy (i.e., less stress relaxation leads to higher elasticity)
[15]. Thus, there is a tradeoff relationship between recovery and re-
laxation; therefore, achieving a highly optimized performance of PSAs
with appropriate recovery and relaxation using conventional methods is
a challenge.

Spurred by this challenge, we carried out fundamental research via
a systematic investigation of the effect of chemical composition for the
development of advanced and high-performance stretchable/flexible
PSAs. Despite several studies being performed on the effect of the
chemical composition of the PSAs on their adhesion [16-18], none of
these reports related this effect to strain reversibility. Among the var-
ious acrylate monomers, 2-ethylhexyl acrylate (2EHA) and acrylic acid
(AA) are generally used to offer flexibility or softness and adhesion to
the PSAs, respectively [12,19].
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Table 1
Molar percentage of the comonomers used in the synthesis of acrylate-based
PSAs.

Compositions 2EHA (mol %) AA (mol %)
1AA 90 10
3AA 70 30
5AA 50 50
7AA 30 70

In this study, we first focused on the effect of chemical compositions
on the physical performance of acrylate-based PSAs that were synthe-
sized using different AA contents. Subsequently, the PSA exhibiting the
best performance was used as the adhesive and subjected to further
physical characterization to determine its stress relaxation, repetitive
cyclability, light transmittance, and metal corrosiveness. Our findings
are expected to offer design guidelines for advanced high-performance
PSAs that can be utilized in a wide range of applications pertaining to
display devices.

2. Material and methods
2.1. Synthesis of acrylate-based PSAs

Acrylate-based PSAs were synthesized by random copolymerization
of acrylic monomers through a fast and facile UV curing process,
namely: 2EHA (Sigma-Aldrich, USA) and AA (Sigma-Aldrich, USA).
Varying ratios of these monomers were added to form a solution mix-
ture (Table 1); 15 wt% of hydrophobic fumed silica as a filler (AEROSIL
R 972, Evonik Industries, Germany) and 0.3 wt% (2 wt% of the fumed
silica) of the dispersing agent (DISPERBYX-2158, BYK, Germany) were
added to each mixture, and each chemical mixture was prepared by
using a vortex mixer (Vortex-Genie 2, Scientific Industries, USA). Fur-
thermore, 0.25 mol% of 1,6-hexanediol diacrylate (HDDA, Alfa Aesar,
USA) and 0.1 mol% of phenylbis(2,4,6-trimethyl-benzoyl) phosphine
oxide (TCI Chemicals, Japan)—with respect to the total monomer
concentration—were used as a crosslinking agent and photoinitiator,
respectively. The mixture was coated onto the release film (SG31, SKC,
Republic of Korea) using a knife coating device (KP-3000VH, KIPAE,
Republic of Korea). This was followed by the preparation of the lami-
nate, which was then cured under a UV lamp (UVP B-100AP, Analy-
tikJena, Germany) for 30 s at a distance of 5 cm. The thickness (B) of
the synthesized PSAs was 100 + 10 pm. However, thicker PSA spe-
cimens (B = 140 = 10 um) were used for the stress relaxation and
repetitive cycle tests for better handling.

2.2. Peel adhesion test

The as-prepared specimens with dimensions of 25 x 300 mm?
(W x L) were rolled twice across a SUS (stainless steel) panel using a
2.5 kg roller in the lengthwise direction. After 15 min of contact with
the SUS at room temperature (25°C), the peel adhesion test was per-
formed using a universal testing machine (WL2100C, Withlab, Republic
of Korea) at a crosshead speed of 300 mm min~}. The ASTM D3330
standard (Test Method A) was used to calculate the peel adhesion; the
average of at least three repetitions was considered as the final result.

2.3. Stress relaxation and repetitive cycle tests

Stress relaxation and repetitive cycle tests were conducted using a
universal testing machine (DAO-ul, DAO Technology, Republic of
Korea) with dimensions of 13 x 38 mm? (W x L) at room temperature.
For testing the stress relaxation, the specimens were subjected to strains
varying from 1% to 300% and relaxed for 1 h. The stress relaxation
ratio was calculated as the ratio between the decrease in stress after 1 h
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Fig. 1. (a) Molecular structure of an acrylate-based PSA, and the characterization of the PSAs with respect to different chemical compositions: (b) differential
scanning calorimetry (DSC) thermogram, (c) typical stress-strain curves, and (d) peel adhesion.

of relaxation time and the initial stress at each applied strain. Plastic
deformation was calculated by the percentage of permanent deforma-
tion after 1 h of relaxation, with respect to those of the pristine speci-
mens. For the repetitive cycle test, the specimens were subjected to 25%
strain at a crosshead speed of 500 mm min~'. Hysteresis loss was
calculated by performing the numerical integration of the area between
the loading and unloading curves [13].

2.4. Transmittance measurement

The transmittance values of the synthesized PSAs were measured by
UV-Vis-NIR spectroscopy (Gary 5000, Varian, USA). The PSA-coated
and bare glasses were used as the specimen and reference material,
respectively. The scanned wavelength range to determine the trans-
mittance was 350-700 nm.

2.5. Metal corrosiveness test

The synthesized PSAs were applied on indium tin oxide (ITO)-
coated glass substrates (AMGtech, Republic of Korea) and the speci-
mens were exposed to hygrothermal conditions (50 °C and 90% relative
humidity) for four weeks. The surface resistance was measured using a
four-point probe (CMT2000N, AIT, Republic of Korea) and the average

surface resistance obtained from five different points of each specimen
was reported.

2.6. Gel fraction measurement

The synthesized PSAs with dimensions of 13 x 25 mm? (W x L)
were weighed (W;) and then immersed in tetrahydrofuran (THF) for
24 h at room temperature. The swollen PSAs were thoroughly dried for
24 h at room temperature, until they regained their original con-
formation. After drying, the PSAs were weighed (Wy) again. The gel
fraction of the synthesized PSAs was calculated as follows: Gel fraction
(%) = (WyW) x 100.

3. Results and discussion
3.1. Characterization of the PSAs

We first characterized the physical properties of the PSAs (Fig. 1(a))
prepared using different AA contents. The details of the thermal and
mechanical analyses are available in the Supporting Information. We
observed that the rigidity of the PSAs increases as the molar ratio of AA
is increased from 10% to 70%; this increase is represented by 1AA, 3AA,
5AA, and 7AA, respectively. For example, the glass transition
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Fig. 2. Wetting images of the acrylic acid (AA)-incorporated PSAs with varying chemical compositions: (a) 1AA, (b) 3AA, (c) 5AA, and (d) 7AA; 1AA was included in

(c) and (d) to compare the wetting behavior.

temperatures of the PSAs increase with the increasing AA content
(Fig. 1(b)), thereby indicating fewer molecular motions such as bond
rotation at room temperature; this result is in accordance with the free
volume theory. This hindrance of molecular movement causes rigidity
and is congruous with the mechanical behavior of the AA-incorporated
specimens, which become stiffer as the concentration of AA increases
(Fig. 1(c)). Fig. 1(d) shows the peel adhesion of the PSAs at different
chemical compositions; 5AA and 7AA exhibit almost zero peel adhe-
sion, whereas 1AA and 3AA exhibit a high peel adhesion at ~13.8 N/
25 mm, which is approximately 65% higher than that of the widely
used ‘Scotch tape’ (8.34 N/25 mm) (PK65 48 x 40 transparent, 3 M,
USA) [13].

Furthermore, the wetting images and rheological properties of the
AA-incorporated PSAs were investigated to explain the relation be-
tween the AA content and peel adhesion. All adhesives must achieve
intimate wetting with their substrates to maximize their adhesion
performance. As the PSAs behave more like soft solids rather than li-
quids during the wetting process, their wettability is governed by their
moduli; here, a lower modulus was observed to promote wetting [20].
Although the adhesive is wetted and forms interfacial bonds with the
substrate, it must be able to resist fracture and debonding to effectively
perform its function. Hence, fracture toughness is an important prop-
erty for an adhesive, which depends on its ability to dissipate energy via
a yielding deformation near the crack tip [20]. Generally, the loss
modulus (G”) of an adhesive indicates the amount of energy absorbed
through deformation during peeling [21]. Fig. 2 suggests that in-
creasing the AA concentration is detrimental to the wettability of the
adhesives in contact with SUS. The aforementioned explanation is also
supported by the behavior of the storage (Fig. S1(a)) and Young’s
moduli (Table S1) of the prepared PSAs, and sheds light on the fol-
lowing criterion for intimate wetting of an adhesive in this system: the
storage modulus of the PSA must be less than 55 kPa at 1 Hz. This
criterion agrees well with all PSAs that have been previously

demonstrated to exhibit the best adhesion [22].

In terms of the energy dissipation characterized by the loss moduli
(Fig. S1(b)) of the PSAs, 3AA is expected to exhibit higher peel adhesion
than that of 1AA. Although 3AA can dissipate energy more vigorously
than 1AA, the “non-wetting” spots of 3AA (Fig. 2(b)) result in a de-
crease in its total contact area, thereby leading to the failure of the bulk
energy dissipation mechanism. Furthermore, a recent study had de-
monstrated that AA-incorporated PSAs establish strong interfacial
bonds, which are induced by the contact with the metallic adherend
through molecular reorientation and polymer chain rearrangement
[23]. Thus, a greater number of acid-base interactions with the per unit
area of “wetting” spots in the substrate can be achieved in 3AA as it has
more acid moieties (30 mol%) than those of 1AA (10 mol%); this is
possibly the reason for the comparable peel adhesion results observed
for 1AA and 3AA. This overview leads to the primary conclusion that an
intimate wetting between the PSA and its adherend is a prerequisite for
high adhesion performance, unless the adhesive behaves like a liquid,
which can be modulated through the incorporated AA content. As it
exhibited the best adhesion performance among the compositions in
terms of wetting and peel adhesion, 1AA was further investigated in
order to determine its viscoelastic properties and evaluate its eligibility
for a wide range of electronic applications.

3.2. Stress relaxation and repetitive cycle tests

Owing to the fact that strain is unchangeable after stretching, no
macroscopic movement of the specimen is possible during the stress
relaxation test; therefore, stress relaxation can only occur at the mole-
cular level. There are several mechanisms to explain the relaxation
process, such as viscous flow, molecular relaxation, and disentangle-
ment or bond interchange (e.g., vitrimers) of dynamic crosslinks
[24,25]. These processes are such that they attain equilibrium under an
applied stress [26]. Since an irreversible percolation network is
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Fig. 3. Stress relaxation of 1AA under various strains for 1 h: (a) semiloga-
rithmic plot of 1AA under different strains, where o; represents the maximum
stress and o, indicates the stress at time t; (b) calculated relaxation ratio and
plastic deformation of 1AA with respect to strain. The stair-like stress-time
curves of 1AA at 1% and 5% are attributed to the resolution of the 10 kgf load
cell in addition to the low stiffness of 1AA, which limits the linear fitting.

established in 1AA by using HDDA, the explicit viscous flow caused by a
linear polymer—chain slip or dynamic covalent bond interchange is not
favorable. Fig. 3(a) shows the stress relaxation test results for 1AA with
various strains as a function of time. A measure of the stress fraction
was achieved by dividing the stress at time t (o) by the maximum stress
(0;) (the reference stress). The time zero (0 s) was set as the time at
which the stress values of the specimens were maximum. We observe
that the experimental results consist of two relaxation time constants,
which appear as two straight lines in the semilogarithmic plots. A
greater slope is achieved for a time period of less than about 1 min and
a smaller slope is attained for a greater time period; this result corre-
sponds to the stress value against the logarithmic time scale of the
carbon black-reinforced natural rubber composites [27]. The slopes of
the two linear lines are available in the Supporting Information (Table
52). The regimes distinguished by two linear sections imply two distinct
relaxation mechanisms of the fumed silica reinforced adhesives. The
stress relaxation of a crosslinked polymer network was proposed to
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occur via a retracting mechanism (a concept of reptation), wherein the
unassociated chain ends (or the dangling chain) diffuse toward the
chain ends that are attached to the network [28,29]. The deformation
of the filler phase structure was suggested to describe the early re-
laxation process of the filler-reinforced rubber vulcanizates [27]. Based
on these proposed relaxation mechanisms, we postulated that the vis-
coelastic relaxation of 1AA can be attributed to the deformation of the
filler phase structure built from the fumed silica particles, which is
dominant within the first 1 min of the relaxation; this is followed by the
retraction of the free chain ends toward chain ends that are attached to
the network.

The stress relaxation ratio and plastic deformation of 1AA at various
strains are shown in Fig. 3(b), and their conformation after the test is
shown in Fig. 4. The results indicate that the relaxation ratio and plastic
deformation are proportional to the strain. The stress—time plots of 1AA
at various strains are represented in Fig. S2. As the elasticity of rubber is
generally known to be driven by entropy change, we observe that all
specimens subjected to strains less than or equal to 25% exhibit a
complete recovery, even though the recovery time depends on the
strain (Fig. 4(a) and (b)). The recovery indicates that 1AA displays an
elastic regime of up to 25% strain. On the other hand, a partial recovery
is observed for the specimens with strains higher than 25%, which stops
further recovery after 20 min (t = 20 min) of the stress relaxation test
(Fig. 4(c) and (d)). Furthermore, Fig. 4(a) and (b) indicate the con-
served degree of disorder to a certain extent despite elongation, which
enables complete recovery according to the thermodynamics of rubber
elasticity. The temporal difference of Fig. 4(a) and (b) suggest that the
acid moieties in 1AA are more likely to cause the reversible hydrogen
bond formation under higher strain, resulting in a stronger resistance to
retraction. This speculation can be driven by a shorter inter-chain dis-
tance based on the description of the Poisson ratio of the polymeric
materials, which represents a contraction that is perpendicular to the
longitudinal elongation [30]. The plastic deformation observed at
strains higher than 25% can be due to the balance between the entropic
restoring force and reversible hydrogen bonds, which prevents retrac-
tion.

Three conditions must be fulfilled to achieve rapid strain reversi-
bility, namely: (1) the polymeric materials should be amorphous so that
they can thermodynamically favor strain reversibility; (2) the number
of intermolecular forces hindering the polymer chain retraction (e.g.,
hydrogen bonds) should be minimum; and (3) crosslinking is required
to provide percolation network, which prevents relative translational
motion [31]. All these criteria can lead to elastomer-like performance,
which minimizes energy loss in the form of heat during loading and
unloading. The stress—strain responses of 1AA against the dynamic or
repetitive mechanical stimulus are shown in Fig. 5. The choice of the
25% strain was based on the above stress relaxation results that show a
complete recovery of the specimen. We observe that the time required
for a complete recovery (Fig. 5(e)) after a 100-cycle test is approxi-
mately 2 min, which is around 10 times faster than that obtained from
the stress relaxation test at the same strain. This can be ascribed to the
instant dwell time at the maximum strain, which limits the formation of
reversible hydrogen bonds among the polymer chains.

Ten sets of sequential and repetitive 100-cycle tests that were per-
formed at 2 min intervals confirmed that 1AA can maintain its con-
formational recovery as well as mechanical properties (Fig. 5(e)).
Nevertheless, the recovery time must be minimized for user con-
venience; for instance, if the displays of contemporary devices such as
flexible smart watches and foldable mobile phones (e.g., SAMSUNG
Galaxy Fold, SAMSUNG Galaxy Z Flip, and HUAWEI Mate X) were not
able to achieve rapid strain reversibility, they could be disfigured by
wrinkles or a wavy surface, causing discomfort to the users. Hence, we
implemented a prestrain strategy to accomplish instantaneous strain
reversibility at 15% strain (a video of an instantaneously reversible 1AA
at 10% prestrain is available in Supporting Information). Fig. 5(f) dis-
plays the stress—strain curves of 1AA at 10% prestrain for a 100-cycle
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of 50 °C and 90% relative humidity, and (d) surface resistance measurement using the four-point probe.

test. A practically identical hysteresis loss over the cycles
(0.219 *+ 0.014 J/cm®, except in the 1st cycle) reflects its elastomer-
like behavior [13].

3.3. Evaluation for device applications

The transmittance measurement of the PSAs at varying AA contents
is shown in Fig. S3. An evaluation of 1AA for practical device appli-
cations was conducted in terms of light transmittance and compatibility
to a corrosion-sensitive layer. Fig. 6(a) and (b) show the transmittance
and visual transparency of 1AA, respectively; it exhibits high trans-
mittance (> 90 %T) over the visible light range under strains of up to
30%, indicating that 1AA is highly transparent during repetitive cyclic
motion with rapid retraction driven by prestrain. The decline in %T
with increasing strain can be attributed to the change in the polymer
structure (from a random coil to linear chain), which possibly increases
the crystallinity or the fluctuation of the filler phase structure due to the
reorientation or alignment of the filler [32,33].

Although the AA-incorporated PSAs are well known for their ex-
cellent adhesion performance, some reports have described that the
addition of carboxylic acid to soft adhesives can lead to the corrosion of
metal substrates [8,34]. Therefore, we evaluated the compatibility of
1AA with a corrosion-sensitive layer (ITO) by applying 1AA and 1MA

(composed of 10 mol% of methyl acrylate) on ITO-coated glass sub-
strates, and subjected to the specified hygrothermal conditions for four
weeks; 1MA was used as a reference for comparing the acid effects.
Fig. 6(c) shows the surface resistance of the ITO substrates covered by
the PSAs; we observe that their surface resistance is invariant as com-
pared to the “As-received” substrates, regardless of the functional
groups (carboxylic acid or methyl group) being a function of the ex-
posure time to the hygrothermal conditions of 50 °C and 90% relative
humidity. These results indicate a promising compatibility between
1AA and the corrosion-sensitive layer; moreover, these results are
comparable to the outcome of the US patent on the electrical resistance
consistency of ITO after aging [35]. The underlying mechanism for ITO
corrosion is contamination due to impurities [36]. The metal corrosion
resistance of 1AA can be related to its high gel fraction (99.2 = 0.5%),
which hardly leaves any residual acrylic monomer on the ITO sub-
strates. Thus, this evaluation demonstrates the eligibility of 1AA for
stretchable/flexible electronic devices with advanced properties.

4. Conclusions
The physical properties of PSAs with varying AA contents were

successfully characterized in this study. The results indicate that higher
AA concentrations can result in stiffer and more translucent PSAs,
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which not only lead to poor adhesion performance but also to un-
favorable wetting of the substrate. To evaluate the adhesion perfor-
mance for electronic device applications, the PSA with 10 mol% AA was
subjected to a viscoelastic test. The results showed that under a static
stimulus, the relaxation ratio was strain-dependent, thereby suggesting
elastic behavior up to a certain elongation. Furthermore, its viscous
component becomes dominant under higher strains, which was quan-
titatively estimated using plastic deformation calculations. The con-
formational and mechanical recoveries of the designated PSA empha-
size its advantage for stretchable adhesive design. Moreover, our
prestrained PSAs enable instantaneous strain reversibility under 25%
strain, indicating the promising materials for stretchable/flexible ap-
plications. The evaluation substantiates high optical clarity and ex-
cellent compatibility of the AA-incorporated PSAs with a corrosion-
sensitive layer. Thus, our results provide design guidelines to achieve
both relaxation and recovery with high adhesion performance and
metal corrosion resistance, which make a positive contribution to the
development of advanced adhesives for applications related to display
devices.
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