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1 | INTRODUCTION

Optically Clear Adhesives (OCAs),' acrylic-based
polymers,*> have widespread applications in the realm of
flexible electronics, particularly in the construction
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Abstract

Optically clear adhesives (OCAs), a type of polymer pressure-sensitive adhe-
sive, are valued for their transparency, strong bonding, thermal stability, and
reliability in flexible electronics. Accurately determining the mechanical prop-
erties of OCAs is importance for effectively assessing the structural integrity of
foldable screens in finite element simulations. However, previous studies have
primarily focused on small strain and conventional environmental conditions.
To address this gap, the present study investigates the mechanical behaviors of
OCAs under extreme conditions, including large strain (up to 1000%), high/
low temperatures (—40, —20, 0, 25, 65, and 80°C), and high humidity (95% rel-
ative humidity). Specifically, the tensile, simple shear, and creep properties of
OCAs have been assessed in an attempt to explore their visco-hyperelastic
behavior. The experimental findings indicate that OCA exhibits noticeable
temperature sensitivity and viscoelasticity, along with volume-incompressible
properties. Notably, when the temperature is varied from —40 to 25°C and
from 25 to 80°C, the modulus of OCA experiences an average reduction of 84%
and 41% respectively. Moreover, it has been observed that humidity has a neg-
ligible effect on the material's modulus. The Yeoh model and Prony series are
employed for fitting purposes. The proposed fitting parameters are subse-
quently validated through numerical simulations of three-point bending case
studies. Remarkably, the simulation results closely matched with the experi-
mental data, with errors remaining below 10%.
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of foldable organic light-emitting diode (OLED)° and
active-matrix organic light-emitting diode (AMOLED)
screens.”® Possessing transparency and robust adhesive
strength, OCAs serve as pressure-sensitive adhesives
(PSAs). In the context of foldable screens, their primary
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role is to facilitate the bonding of diverse, rigid functional
layers.” Simultaneously, owing to their softness and
favorable fluidity, OCAs adeptly address misalignments
among functional layers during the folding process.'*"!
This capability engenders a multi-neutral layer effect,
mitigates strain, and safeguards the constituent compo-
nents of the screen. It can be asserted that OCA materials
play a crucial role in realizing flexible and bendable
screens, and investigating their mechanical behaviors
holds substantial significance.'?

OCA, being a polymer, inherently displays tempera-
ture sensitivity, resulting in notable changes in its mechan-
ical properties in response to variations in temperature. In
the context of foldable screens, the material experiences a
broad temperature range, with the minimum operating
temperature in polar regions reaching as low as —40°C.
Conversely, during elevated temperatures in summer, heat
dissipation from other system components'®> may exceed
80°C. Within the temperature range of —40 to 80°C, OCA
displays notable variations in mechanical behavior. Conse-
quently, a thorough examination of the impact of OCA on
materials at both low and high temperatures becomes
imperative. Zhang et al.'* conducted an investigation into
the storage modulus and glass transition temperature of
OCA across a temperature range spanning —40 to 120°C.
They subsequently constructed a master curve using the
Williams-Landel-Ferry (WLF) equation to capture
the material's response across the entirety of the tempera-
ture domain. However, the WLF equation is founded on
assumptions of linear viscoelasticity and small strain,"”
characteristics not applicable to OCA due to substantial
nonlinear changes within extensive temperature ranges.
Moreover, the method employing the WLF equation
allows for the determination solely of the storage modulus
at specific temperatures, precluding the derivation of the
stress—strain curve under conditions of large strain load-
ing. Considering that OCA will withstand over 500% strain
in finite element simulation,'®!’ the aforementioned test-
ing approach is not directly suitable. Hence, it is impera-
tive to conduct large strain loading at wvarious
temperatures and subsequently fit the constitutive parame-
ters under large strain, examining the temperature-
induced variations in material modulus.

Humidity variations in the environment may also
exert a notable influence on the mechanical properties of
polymers.'® Chen et al. explored the effects of extended
exposure to high temperature and humidity on the
strength of soy protein adhesives, which share a similar
microstructure with OCA. The study revealed a decline
in shear strength over exposure time, mainly due to
hydrolysis, oxidation, and hydrogen bond dissociation in
the adhesive, leading to reduced crosslinking density and
intermolecular forces." In high-humidity environments,

the use of flexible equipment is susceptible to moisture
influence, leading to the erosion of the polymer network
by water vapor and consequently diminishing the perfor-
mance of OCA. However, there is still a lack of research
findings on the mechanical properties of OCA in high-
humidity environments, especially the mechanical per-
formance of OCA in conditions characterized by high
temperatures and high humidity.

Additionally, the instinctive viscoelasticity
OCAs results in varied mechanical responses under dif-
ferent strain rates, with the material exhibiting relaxation
and creep over time under loading conditions.® In the
context of a flexible folded screen, OCA experiences
stress and strain, demonstrating stress relaxation and
creep phenomena during the folding process. In the sim-
ulation and design of foldable screens, the analysis of
these phenomena becomes imperative, necessitating the
establishment of a viscoelastic constitutive model for
implementation in finite element analysis. Li et al.** for-
mulated a transversely isotropic and rate-dependent phe-
nomenological constitutive model tailored for OCA,
utilizing true stress and true strain as the basis. Wang
et al.*® and Jia et al.”® also fitted the viscoelastic constitu-
tive model in their research, and based on the general-
ized Maxwell model, the classic Prony series was fitted.
The aforementioned studies were exclusively conducted
at room temperature, omitting the consideration of the
impact of temperature on viscoelasticity.””*® Further-
more, during the folding of the screen, OCA experiences
a substantial strain rate, reaching approximately the
~1 s ! level. Traditional quasi-static loading methods are
inadequate for reproducing the real-world application
scenarios of this material, high strain rate loading
(like 5 s') must be carried out.

Developing an innovative approach to characterize
the mechanical behavior of OCA is critical,?® encompass-
ing key factors for a comprehensive evaluation of its
properties. It needs to consider the following factors:
(1) The stress—strain relationship of materials under large
strain, necessitating the adoption of a hyperelastic consti-
tutive model,’® rather than merely simplifying the
mechanical behaviors in terms of modulus.’"*
(2) Mechanical behaviors corresponding to distinct tem-
peratures should be characterized separately, involving
the fitting of corresponding constitutive parameters for
simulation purposes. The application of the time-
temperature equivalence theory, as done in the WLF
equation, is deemed unsuitable for simplifying the global
temperature into several parameters. (3) Extraction
methods for fitting experimental data and validation
techniques should be considered to accurately determine
the constitutive parameters. (4) A systematic mechanical
characterization of OCA should be conducted under
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FIGURE 1 Schematic representation of typical commercial optically clear adhesive (OCA, 3 M) and various static and dynamic

mechanical analysis loading for different mechanical tests (tensile, shear, creep, and bending) in various conditions. [Color figure can be

viewed at wileyonlinelibrary.com]

extreme conditions, encompassing various parameters
such as temperature, strain rates, and humidity levels.
This study provides a comprehensive mechanical
analysis of commercially available OCA for flexible elec-
tronics using both experimental and numerical methods.
It investigates the material's behavior under varying tem-
perature ranges, humidity levels, and strain rates. The
main tests encompassed shear, tensile, and creep loading
modes. Time-stress—strain curves were extracted to char-
acterize the material's response under these specified
loading conditions. Additionally, the Poisson's ratio of
the material was measured to provide comprehensive
insights into its mechanical properties. In accordance
with this, the hyperelastic and viscoelastic constitutive
parameters of the material were calibrated at various
temperatures. Subsequently, these constitutive
parameters were integrated into the numerical model of
three-point bending (3PB). To validate the accuracy of
the constitutive calibration, corresponding three-point
bending tests were conducted, and the experimental
results were compared with simulation outcomes. This
study offers a comprehensive examination of the
mechanical response of OCA material within practical
usage environments. The findings are presented in the
form of constitutive parameters, providing valuable infor-
mation for direct application finite element analysis.

2 | METHODS

2.1 | Mechanical properties
In Figure 1, a widely used commercially OCA (CEF35 from
3M Company, America) is configured into tensile and shear
samples and subjected to loading. OCA tests present unique
challenges compared with traditional PSA or soft materials
testing. These challenges include the low elastic modulus,
thin thickness (approximately 25-100 pm), and low bending
stiffness of the OCA material, making it prone to deforma-
tion. Additionally, the strain state of the viscoelastic material
is influenced by its stress history, necessitating the minimi-
zation of prestress during loading and preparation. There-
fore, conducting OCA tests requires careful consideration
and control of these factors to ensure accurate results. Draw-
ing from prior testing experience, numerous testing technol-
ogies have been embraced to enhance testing accuracy.> >
The principal variables in the test encompass strain
rate, temperature, environment, and others. We systemati-
cally conducted tests for the majority of possible combina-
tions of these upstream variables. To mitigate potential
confusion, we have precisely defined the conducted tests
in Table 1. To evaluate temperature sensitivity, tests were
conducted at low (—40, 0, and —20°C), room (25°C), and
high (65 and 80°C) temperatures, replicating real-world
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Strain rate (s %) TABLE 1 Samples definition under
Temperature 5 1 01 0.01 various conditions (strain rate,
temperature, and humidity).
—40°C T-40V5S
T-40V0.1T
—20°C T-20V5S
T-20V0.1T
0°C TOV5S
TOVO.1T
25°C T25V5S T25V1S T25V0.1S T25V0.01S
T25V5T T25V1T T25V0.1T T25V0.01T
25°C, 95% RH T25V5HT T25V1HT - -
65°C T65V5S T65V1S T65V0.1S T65V0.01S
80°C, 95% RH T80VS5S T80V1S T80V0.1S T80V0.01S
T8OV5HT T8OV5HT - -

Abbreviation: RH, relative humidity.

usage scenarios. The strain rates were set to 0.01, 0.1, 1, 2,
and 55!, encompassing two loading modes: uniaxial ten-
sion and simple shear. In partial loading, two additional
environments were introduced: room temperature and
high humidity (25°C, 95% relative humidity), and high
temperature and high humidity (80°C, 95% RH), to investi-
gate the impact of humidity on the material. Creep tests
lasting approximately 10 h were conducted at both room
temperature and high temperature, with a stress of 50 kPa
applied. The time-displacement curve is recorded during
the test and subsequently converted into a time-strain
curve during post-processing.

The schematic representation of various mechanical
loading conditions is illustrated in Figure 1. The samples
used for shear and creep tests had dimensions of
10 mm x 10 mm x 0.1 mm (length, width, thickness),
while those for tensile were sized at 5mm x 10 mm
x 0.1 mm.”” Room and high-temperature tensile tests,
with and without humidity, were conducted on a universal
testing machine (Instron 5966, equipped with a 100 N sen-
sor), as depicted in Figure 1.°® To enhance the clamping
state and alleviate stress concentration at the boundaries,
light acrylic plates were used to clamp the upper and
lower ends. Low-temperature tensile tests were performed
using the Dynamic Mechanical Analyzer (DMA, TA
Instruments 850, USA). During shear testing, loading is
terminated upon material failure or when the strain
attains 1000%. Force-displacement curves are documented
throughout the test, and subsequently, during post-
processing, they are transformed into nominal stress-
strain curves. Preceding the commencement of shear and
creep testing, the DMA system adjusts the ambient tem-
perature to the specified value, allowing for a 10-min

period to ensure uniform heating or cooling of the mate-
rial. Testing initiates thereafter, with the temperature sus-
tained consistently throughout the duration of the test.

Poisson's ratio was calculated through the application
of the digital image correlation (DIC) method. The DIC
system facilitates the determination of local strain within
a defined area by tracking the displacement of speckle
patterns, thereby enabling the acquisition of strain values
along the loading direction (ex) and transverse strain (gy).
By comparing these strain components, it is possible to
obtain the Poisson's ratio:

8y
=2 1
H=— (1)
When the Poisson's ratio is 0.5, the material is consid-
ered completely incompressible. Generally, materials are
considered nearly incompressible when the Poisson's
ratio p exceeds 0.45.

2.2 | Constitutive model and calibration
The mechanical constitutive model of OCA comprises two
components: hyperelasticity and viscoelasticity, collectively
referred to as visco-hyperelasticity. Viscoelasticity refers to
the time-dependent behavior of material properties, while
hyperelasticity signifies nonlinear elasticity. Figure 2a sche-
matically depicts the molecular network, encompassing
crosslinked networks, entanglement networks, and free
chains. The microstructures intricately govern the mate-
rial's macroscopic mechanical response, with the hypere-
lastic stress originating from the crosslinked network and
the viscoelastic stress arising from the free chains.*”**
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FIGURE 2
diagram of the polymer chain network

(a) The schematic

with applied deformation and the tube
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model capturing the constraint effects of
a single chain caused by its neighboring
chains, (b) Schematic diagram of the
generalized Maxwell model. [Color
figure can be viewed at
wileyonlinelibrary.com]

2.2.1 | Hyperelastic part

As illustrated in Figure 2a, long randomly oriented poly-
mer chains are interconnected through cross-linkers, cre-
ating a cross-linked polymeric network where free chains
are dispersed randomly. During loading or unloading,
the cross-linked polymer network undergoes stretching,
and the free chains diffuse within the network. The
cross-linked polymer network serves as the backbone and
typically exhibits the ability to recover its original shape
after unloading, leading to a nonlinear hyperelastic
mechanical response. In contrast to linear elastic mate-
rials, the stress-strain relationship in hyperelastic mate-
rials is delineated by the strain energy, expressed in
terms of strain invariants, as follows:

- a (7173)+%a2(71279) +%a3 (713727)
W(I.L) =

1
5 i B ,
+as(I; —3) +as(ILl1, - 9)

(2)
where a; represents the material parameters, and I, and

I, denote the first and second invariants of the isochoric
deformation tensors, respectively. For simplicity, the

o Polymer chains

* Crosslinker
\\  Free Chains

Remove stress

- Entanglements

Crosslinker breaking

Crosslinker breaking

Generalized Maxwell model

Equation (2) can be written in the polynomial form as
suggested by Rivlin*:

W =Wy (I,I,) + Wi(J)

N - k= L1 2%k
=D Cuhi=3) (L=3) +) - (-1D*
k=1 =1k

(3)

where Cy; and D, are material constants, to be deter-
mined through fitting, and J is the volume ratio.
Polymeric soft materials are typically treated as incom-
pressible in constitutive models, signifying that their bulk
modulus significantly exceeds the shear modulus.'* This
allows the neglect of the volumetric term in the strain
energy equation. For this study, the Yeoh model was
selected due to its widespread use in accurately predicting
the behavior of hyperelastic materials. Specifically, the
three-term Yeoh model was employed for this***:

N
w=>" Cu(li—3)"(L,~3)’
k+1=1

=Cio(I1 —3) + Cxo (L1 _3)2+C30(T1 —3)3-
(4)
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In uniaxial tension mode, the relationship between
the first strain invariant I; and tensile strain A is as
follows:

Li=2+217"1 (5)

By taking the partial derivative of the strain energy
function with respect to the tensile strain 4, the relation-
ship between tensile stress and tensile strain can be
derived, as expressed in Equation (6):

oW Il - -
o= a3 =201 [Clo+2Can (T - 3) +3C30 (T - 3)°]

(6)

In uniaxial tension mode, the relationship between
the first strain invariant I; and shear strain y is as
follows:

Li=y*+3. (7)

By taking the partial derivative of the strain energy
function with respect to shear strain y, we can establish
the relationship between shear stress and shear strain.

oW oI,
T 1, a9y (C1o7 +2C207° +3C307°) (8)

The stress—strain relationship of a material can be
measured in both tensile and shear tests:

o =f(o).e=1(r). (9)

And the experimental data can be utilized to deter-
mine the unknown variable Cj, in either Equations (6)
or (8).

2.2.2 | Viscoelastic part

Unlike crosslinked chains, the unbound chains within
the adhesive (free chains), comprised of numerous mono-
mers, experience relaxation and disentanglement phe-
nomena, which play a role in the adhesive's overall
viscoelastic properties.”*” The reptation of free chains
within the cross-linked network is irreversible and causes
energy dissipation (the mechanical response exhibits hys-
teresis upon cyclic loading), leading to a viscous mechan-
ical behavior.

The viscoelastic phenomena in materials can be
described by a generalized Maxwell model***
incorporating  velocity-dependent  dashpots  and
displacement-dependent springs, as depicted in

Figure 2b. Mathematically, this can be represented in the
form of a Prony series:

g(t) = igl-(l —eh), (10)

where, g(t) represents the normalized modulus, ¢ is the
time, N is the number of terms in the Prony series, and g;
and 7; are the parameters to be fitted in the model.

The time-strain or time-stress curves obtained from
creep or stress relaxation test can be normalized to obtain
the time-modulus relationship:

g=g(1). (11)

Similarly, the experimental data can be used to fit the
unknown variable g; and 7; in Equation (10).

We utilized constitutive equations for the material's
mechanical response, incorporating hyperelasticity and
viscoelasticity. These equations, crucial for finite element
simulations, combine the Yeoh model with the Prony
series to effectively represent the stress-strain relation-
ship under large strains, deformations, and time effects.

2.2.3 | Parameter calibration

The calibration of constitutive parameters enables the
conversion of experimental results into a universal form,
recognizable by finite element method (FEM). The pri-
mary challenge encountered revolves around maintain-
ing stability when dealing with significant strain levels,
where the maximum strain exceeds 500% in the simula-
tion. We utilize shear experimental data obtained at dif-
ferent temperatures to calibrate the hyperelastic model
and employ creep data to calibrate the viscoelastic model.
This approach enables the derivation of a comprehensive
mathematical expression that captures the time-
dependent stress-strain relationship of materials sub-
jected to large strains. In contrast to the commonly
employed master curve approach in the field of polymers,
our approach involves individually fitting the constitutive
model at each temperature point. This strategy aims to
achieve a more precise and stable model that can provide
a more accurate description of the mechanical response
under large strains.

2.3 | Verification of constitutive models

The three-point bending test was performed using the
Mark-10 ESM303 machine (as depicted in Figure 1),
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concurrently with the creation of its FEM model. The
sample for the three-point bending consisted of a three-
layered laminated plate, with the OCA serving as the
middle layer (100 pm), and thin polyethylene terephthal-
ate (PET, 80 pm) comprising the upper and bottom
layers.

The geometric model and the elements for this
study are illustrated in Figure 1. The direction of the
connecting line between the two supports corresponds
to the X-direction, while the thickness of the OCA is
aligned with the Z-direction, and the width extends
along the Y-direction. The indenter and supports in this
investigation possessed diameters of 5 and 10 mm,
respectively, with a span of 20 mm, as depicted in
Figure 6a. The dimensions of the bending sample were
9.6 mm in width and 50 mm in length. To enhance
computational efficiency, symmetry was applied in both
the X and Y directions, resulting in a model material
measuring 4.8 mm in width and 25 mm in length. The
indenter and supports were treated as rigid bodies. The
modulus of polyethylene glycol terephthalate (PET),
determined through tensile testing, was found to be
2700 MPa with a Poisson's ratio of 0.3887, and a linear
elastic model was employed for PET. In the case of the
OCA adhesive's constitutive model, fitted parameters
were utilized.

As shown in Figure 1, the model is discretized into
mesh layers with a thickness of 20 pm in the direction of
the thickness. In the X and Y directions, the mesh is
divided according to the thickness of 5:1 with a total of
15,600 elements. The element type was chosen C3D8R:
three-dimensional, eight-node, reduced integration ele-
ment. The boundary conditions are symmetric in the X
and Y directions, and the supports were fixed. The
indenter descends by 5 mm at a speed of 10 mm/min and
subsequently ascends at the same speed (loading—
unloading). Alternatively, the indenter can descend and
be held for a specified period (e.g., 10, 60, 300, 600, and
1800s) before returning (loading-holding-unloading).
The convergence is satisfactory, and the computation
time approximately amounts to 2 h.

3 | RESULTS AND DISCUSSION

3.1 | Experimental results

3.1.1 | Strain rate

Figure 3 primarily illustrates the stress-strain relation-
ship under varying strain rates (0.01, 0.1, 1, and 5 s7). in
both tensile and shear testing, the material exhibits rate
dependence at different strain rates and temperatures,

Applied Polymer_wiLgy-L 7

with a higher strain rate corresponding to a greater mod-
ulus. Significantly, at the same strain level, the stress
value in the experiment with the highest strain rate of
5s ! is approximately twice that of the experiment with
the lowest strain rate of 0.01 s '. This pattern persists
across various temperatures and loading conditions.
Among these results, the shear experiment conducted at
a high strain rate of 5 s~ is particularly noteworthy, as it
aligns with the actual working conditions of folding
mobile phones. In such devices, users complete the fold-
ing process within two seconds, resulting in a maximum
strain approaching 1000%.

Figure 3a illustrates the tensile test results under vari-
ous strain rates at a temperature of 25°C. Figure 3b-d
illustrates the nominal stress—strain curves from shear
tests conducted under various strain rates at tempera-
tures of 25, 65, and 80°C, respectively. Figure 3b—d is pre-
sented in a uniformly scaled horizontal and vertical
coordinate system for the purpose of direct comparison.
While the overall trend of change remains consistent,
subtle distinctions are discernible. Particularly at high
temperatures (see Figure 3b,d), the stress-strain curves
for the material at various strain rates exhibit a closer
alignment. This suggests a diminishing influence of vis-
coelastic properties with rising temperatures. Given the
impracticality of OCA material usage at high tempera-
tures, it is plausible to disregard viscoelasticity in FEM
conducted under extreme environmental conditions such
as high temperatures.

3.1.2 | Temperature sensitive
Figure 4 primarily illustrates the results of simple shear,
tensile, and creep tests under varying temperatures.
Materials display notable distinctions at various tempera-
tures and manifest considerable temperature sensitivity.
Figure 4a presents the shear data obtained at —40,
—20, 0, 25, 65, and 80°C, with a strain rate of 5 s~ 1. It can
be observed that the shear modulus of OCA increases as
the temperature decreases. Notably, at the lowest temper-
ature of —40°C, the shear modulus was approximately
10 times higher than the highest temperature (80°C). In
this experiment, there is little difference in shear modu-
lus between 65 and 80°C. The shear modulus decreases
from 39.4 kPa at 0°C to 34.9 kPa at 25°C and 20.0 kPa at
65°C. However, at —20 and —40°C, the shear modulus
(60.8 kPa, 262.3 kPa, respectively) exhibits significant
changes. Therefore, the material remains relatively stable
above 0°C. Additionally, when comparing these results
with Figure 3b-d (shear experiments at different rates),
the shear modulus of the material increases as the tem-
perature decreases.
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5s7!) and temperatures (b) 25, (c) 65, and (d) 80°C. [Color figure can be viewed at wileyonlinelibrary.com|

Figure 4b showcases the low-temperature tensile test
conducted using DMA with a strain rate of 0.1 s~'. Due
to limitations in the measuring range and working space,
the maximum strain achieved was 350%. Similar to the
shear test in Figure 4a, the modulus (0.1 s7! and 20%
strain) of the material significantly improves at —40°C
(249.3 kPa).

The results of creep testing were presented in
Figure 4c, where the time-strain curve was plotted over a
duration of 10 h. The OCA demonstrated distinct behav-
ior at different temperatures: 25, 65, and 80°C. At 25 and
65°C, the OCA exhibits two distinct stages: primary and
secondary. In the primary stage, the OCA undergoes
rapid exponential strain growth. This initial stage is fol-
lowed by secondary step, characterized by a constant
strain rate and a slower linear increase in strain until it
reaches a steady state. The OCA demonstrates a stable
response under these conditions. However, at 80°C, the
behavior of the OCA is notably different. It experiences
rapid strain growth, leading to failure at 10,000 s (2.7 h).
This suggests that the OCA is sensitive to temperature,
particularly under high-stress creep loading conditions.
Even with a relatively small temperature increase of only

15°C, the material experiences accelerated failure. This
indicates that the OCA is not suitable for long-term use
under high-stress, and high-temperature conditions. Gen-
erally, the creep testing results reveal that the OCA
undergoes distinct stages of strain growth at different
temperatures. The material performs well at lower tem-
peratures but exhibits rapid failure at elevated tempera-
tures, highlighting its limitations in high-stress, high-
temperature applications.

3.1.3 | Humidity

Figure 5 shows the configuration method of humidity
environment and the experimental results under high
humidity. To meet the requirements of the electronics
industry for a working environment with 95% RH and
temperatures of 65 to 80°C, a self-made high-temperature
and high-humidity environmental chamber was utilized
which is shown in Figure 5a,b. The humidity experiment
consisted of two parts: one focused on room temperature
and high humidity (25°C, 95% RH), and the other on
high temperature and high humidity (80°C, 95% RH).
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In the room temperature and high humidity condi-
tion, an industrial humidifier was used to blow moisture
onto the samples, as shown in Figure 5a. On the other
hand, the high temperature and high humidity condition
involved the use of a steam engine and a custom-made
environmental box, as shown in Figure 5b. Figure 5c-e
displays the tensile experiments conducted at different
strain rates under high temperature and high humidity
conditions (80°C, 95% RH). The strain rates used were
1, 2, and 5s '. Similar to the high temperature and
humidity environment, the OCA's modulus did not
undergo significant changes, and the nominal stress-
strain curve remained roughly the same. However, the
material's ultimate fracture strength was affected, with
fractures occurring primarily at a strain of 1500%. The
OCA experienced degradation when exposed to water
vapor erosion in a high temperature and humidity envi-
ronment. During the service life of the OCA, it is encap-
sulated within the OLED screen and is not typically
exposed to moisture in the environment. However, in the
experiment, moisture was directly blown onto the OCA

adhesive, making the experimental conditions more
severe than the actual environment.

In order to study the response of OCA to humidity at
room temperature, we conducted tensile tests under both
room humidity (approximately 40% RH) and high humid-
ity conditions (95% RH), as shown in Figure 5f. The
results indicated that humidity had a minimal effect on
the mechanical properties of OCA, with the nominal
stress—strain curve remaining similar to that observed in
the room humidity experiment. However, when compar-
ing the previous test results at high temperatures, we find
that OCA exhibits minimal sensitivity to humidity at
room temperature. Its sensitivity to humidity becomes
more pronounced at high temperatures.

3.1.4 | Poisson's ratio

Figure 7g depicts the Poisson's ratio of OCA samples
under uniaxial tension tests. During the tension test, the
OCA was subjected to a macro-strain of 500%. The initial
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Poisson'’s ratio is observed to approximate 0.5, gradually
decreasing to 0.46 with increasing strain while maintain-
ing stability. It is noteworthy that the calculation of Pois-
son's ratio in Equation (1) is based on the assumption of
small strains, yielding greater accuracy (~0.5) at lower
strain levels. However, as strain increases, errors become
increasingly evident. Nevertheless, the Poisson's ratio of

OCA is markedly higher than that of steel (~0.3),
approaching 0.5, positioning it as an almost
incompressible.

Additionally, Figure 7g presents local axial strain
cloud maps at various macroscopic strain-loading levels
(e of 1, 2, 3, 4, and 5). The distribution of uniaxial tensile
strain indicating that the strain distribution within the
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(a) Schematic diagram of three-point bending test, (b) three-point bending specimen after deformation, Mises stress of
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OCA is completely uniform. The uniform distribution of
local axial strain in the OCA suggests that strain is evenly
spread, and the dimensional design of the test samples
allows for an accurate representation of the material's
macroscopic mechanical properties.

3.2 | Calibration parameters

The fitted hyperelastic and viscoelastic parameters are
presented in Tables 2 and 3, respectively. It is worth not-
ing that the unit of Cj is Pascal, g; is dimensionless, and
the unit of 7; is seconds. All hyperelastic constitutive
models have undergone stability checks, and the fitted R-
squared values are above 0.98. These fitted parameters
can be subsequently employed in finite element simula-
tions of flexible devices. This utilization offers useful
guidance to researchers regarding the mechanical
response of OCA materials under various temperature
conditions, including low, room, and high temperatures.
In general, a full or reduced polynomial material model
is considered stable when all the coefficients (C;) are pos-
itive. However, the presence of some negative coefficients
does not necessarily imply model instability. In the case
of the Yeoh model, the negative C,, coefficient is

commonly employed to capture the S-shaped feature of
the stress—strain curve (Table 2).

3.3 | Simulation and verification

Figure 6 illustrates the results of stress and strain distri-
bution obtained through FEM. In particular, Figure 6b
presents the overall displacement curve of the model in
response to a 5 mm load applied as an input displace-
ment. The model rotates around the lower support, align-
ing with the experimental observations (duration 30 s).
Figure 6c illustrates the Von Mises stress for both OCA
and PET materials. It is evident that the stress levels in
OCA are comparatively low, whereas PET exhibits signif-
icantly higher stress levels (higher order of magnitude).
Figure 6d depicts the Von Mises stress distribution for
the OCA sample when subjected to a 5 mm load, with
the maximum stress value occurring at the contact point
with the lower support. To further analyze the stress dis-
tribution, the maximum principal stress diagrams for
both OCA and PET have been shown in Figure 6e. Addi-
tionally, Figure 6f zooms on the maximum principal
stress of the OCA material. Figure 6g illustrates the maxi-
mum principal creep strain distribution of the OCA
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TABLE 2 Calibration of Hyperelastic material parameters
using shear tests.

Cio/Pa Cy/Pa C3o/Pa
—40°C 42,523 —1192 42.2
—20°C 19,645 —488 10.9
0°C 12,539 —303 6.4
25°C 42,183 —386 1.9
65°C 41,635 —282 1.3
80°C 22,558 —191 0.9

material, which closely follows the Mises stress distribu-
tion observed in Figure 6d. Finally, Figure 6h—j provides
an overview of the overall displacement in the X, Y, and
Z directions, respectively under same condition. These
displacement curves offer a comprehensive understand-
ing of the model's response to the loading conditions.

The experimental and FEM results of time-force curve
(loading-unloading) were shown in Figure 7a. In both
the experimental tests and numerical simulations, a sud-
den change in the applied load force was observed during
the loading and unloading transition, primarily due to
the viscoelastic nature of the OCA. During the loading
process, the strain rate was positive, and the material's

viscous and elastic forces acted in the same direction to
counterbalance the external load. However, at the load-
ing and unloading transition, the strain rate shifts from
positive to negative, leading to a reversal in the direction
of the elastic force. At this juncture, the viscous force and
the external load work in concert to balance the elastic
force, resulting in a sudden decrease in the external load.
During the unloading stage, the direction of the viscous
force opposes that of the elastic force. When the elastic
force becomes insufficient to counteract the viscous force,
the force between the indenter and the material dimin-
ishes to zero, and the indenter separates from the mate-
rial (as observed at 60s in the experiment). This
phenomenon indicates that energy loss takes place as a
result of frictional dissipation in the molecular chain dur-
ing both loading and unloading, and this energy loss does
not recover along the unloading path. The successful pre-
diction of these phenomena demonstrates the effective-
ness of the calibration of constitutive mode. This model
accurately captured the complex behavior of the OCA
material, including the effects of viscoelasticity, elastic
forces, and energy dissipation during loading and
unloading.

Additionally, the study examined the stress relaxation
behavior of the OCA material under a loading-
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TA.BL.E 3 .Vlscoelastlc parameter 1 2 3 4 5
calibration using creep tests.
25°C g 0.634611 0.073990 0.072129 0.059054 0.109971
7i/s 0.0001 0.006366 0.100356 1.898110 3273
65°C 8 0.778926 0.018575 0.036045 0.031520 0.084875
7i/s 0.0001 0.018972 0.100132 3.908512 4253
80°C 8 0.560955 0.058106 0.065121 0.078537 0.085155
7i/s 0.0007 0.067703 0.300000 7.000000 74,033

holding-unloading condition (Figure 7b). This involves
loading the material, maintaining the displacement for a
specific duration (10, 60, 300, 600, and 1800 s), and then
unloading that. The simulation results (Figure 7b), indi-
cating that the material undergoes stress relaxation after
the corresponding holding time. Prior to that point, the
force-displacement behavior for each working condition
remained consistent. Comparing the simulation results
with the experimental data, a relatively close agreement
was observed, achieving an accuracy of approximately
90% (as shown in Figure 7c-{).

4 | CONCLUSION

In this study, the large strain mechanical behavior of
OCA for flexible electronic devices under various temper-
ature, strain rate, and humidity conditions was meticu-
lously investigated through experimental and numerical
methods. A universal method for analyzing the mechani-
cal properties of soft materials like OCA was presented,
encompassing material testing, calibration of constitutive
parameters, verification, and their integration into finite
element simulation. The main conclusions can be sum-
marized as follows:

1. The material exhibits significant temperature sensitiv-
ity and viscoelasticity in its mechanical response
under various loading conditions. Within the extreme
temperature range relevant to foldable flexible devices
(—40 to 80°C), the modulus of OCA undergoes an
approximate 10-fold reduction. Additionally, when
simulating the strain rate during the rapid folding of
the device (5s™'), the modulus of OCA is roughly
twice that observed under quasi-static loading condi-
tions (0.01 s™'). Simultaneously, we observed that
humidity has a negligible effect on the modulus of the
material. However, it is noteworthy that water vapor
can corrode the material, thereby influencing its
strength.

2. The OCA can be considered almost incompressible
based on DIC tests, with a Poisson's ratio stabilizing

around 0.46 at large strains. This suggests that the vol-
ume term in the hyperelastic constitutive equation
can be ignored.

3. The hyperelastic and viscoelastic constitutive models
were fitted at various temperatures, providing a valu-
able reference for future researchers studying the
response of flexible devices under extreme environ-
ments. The selected constitutive model faithfully repli-
cates the experimental observations, demonstrating a
remarkable alignment in both numerical values and
trends. The macroscopic mechanical behavior
observed in three-point bending tests further validates
the model's accuracy, achieving an approximate 90%
match with experimental data.

However, the model and simulation presented in this
paper still have some limitations in predicting OCA
behavior at large strains. In this constitutive model, we
focus on stress-strain relationships, excluding damage
models. However, large strain processes disrupt the
molecular network of polymer materials. During loading,
necking may occur, leading to localized deformation and
making the nominal stress-strain curve insufficient to
capture the material's true state, thus necessitating the
calculation of the true stress-strain curve. While phe-
nomenological constitutive models based on polynomials
are simple and broadly applicable, they fail to capture the
material's microscopic physical response. Therefore, a
physical constitutive model tailored to the molecular net-
work and microstructure of the material is needed for
accurate predictions under large deformation. In the
future, more efforts should be directed toward under-
standing the microscopic mechanical mechanisms of
OCA and establishing a connection with its macroscopic
response. Additionally, the phenomenon of water vapor
erosion in polymer networks needs to be explained from
a microscopic perspective as well to elucidate its impact
on strength reduction.
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