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Abstract: Colorless polyimide (PI)-based flexible cover windows are a critical component of flexible
electronics to protect devices from unwanted chemical and mechanical damage. The integration of
flexible colorless PI-based windows into electronics applications is limited by the embrittlement of
some colorless PI films when they are coated with hard coats. Here, we investigate the embrittlement
mechanism of hard-coated colorless PI films and the role of interlayers in toughening the colorless PI-
based cover windows for flexible electronics applications. A fracture mechanics approach combined
with finite element analysis (FEA) models is employed to compute fracture strain, εc, for different
crack cases in the bilayer (hard coated colorless PI) and trilayer (with an additional interlayer) cover
windows. For the model inputs and validation, the material properties of the cover windows are
characterized. We show that the embrittlement is attributed to the fracture behavior of the cover
windows, and placing a ductile interlayer increases the εc of colorless PI films. Using the fracture
analysis as a design guide, we fabricate a trilayer cover window with an acrylic thermoset interlayer
and demonstrate an improvement of the εc of the colorless PI cover window by ~42%. We believe our
analysis provides insights into design guides for mechanically robust cover windows using colorless
PI films and flexible HCs for emerging flexible electronics.

Keywords: colorless polyimide film; flexible hard coat; flexible cover window; foldable and flexible
electronics; fracture mechanics

1. Introduction

The flexible electronic device industry has experienced tremendous growth since the
introduction of foldable smartphones in late 2018 [1,2]. Despite their popularity, the market
for flexible devices is still in its early stages and limited to high-end products due largely
to the complex design and manufacturing challenges. One of the most challenging parts
of design is flexible cover windows, which must be bendable to a tight radius while still
offering protection against mechanical and chemical damage [3,4]. These requirements
cannot be met by traditional cover glass windows.

For flexible cover windows, striking a balance between flexibility and mechanical
robustness has been enabled by recent technological advancement in thin glasses and
colorless polyimide (PI) films [5–8]. While both materials have been used in flexible
devices, thin glasses are too fragile for use as the outermost layer of the devices without
additional protective layers [9]. On the other hand, colorless polyimide (PI) films offer
more flexibility and toughness than thin glasses, but they are much softer and therefore
require a polymeric flexible hard coat (HC) layer to improve their mechanical robustness.
By carefully engineering PI-based bilayer cover windows, it is possible to achieve a well-
balanced combination of flexibility and mechanical robustness for better protecting flexible
electronic devices [3].
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The integration of PI-based bilayer cover windows into flexible electronics is limited by
the susceptibility of some colorless PI films to embrittlement in the presence of the HC layer.
It has been reported that [10] while standalone colorless PI films exhibited ~20% strain at
break, εb, the same films coated with a flexible HC underwent a dramatic decrease in εb to
as low as ~2% with increasing HC thickness up to 35 µm. As the fracture strain of brittle
coatings on polymer substrates typically decreases with increasing coating thickness [8,9],
this embrittlement is likely attributed to the fracture behavior of the bilayer cover window
instead of a chemical interaction [11,12]. Understanding mechanisms for the embrittlement
is crucial to achieving reliable colorless PI-based cover windows.

If the embrittlement of the colorless PI films is a fracture problem, one possible solution
is incorporating a ductile interlayer for toughening. There have been reports [13,14]
that depositing ductile organic layers between inorganic brittle barrier films toughened
the barrier films and its fracture strain increased. However, to our knowledge, the role
of the interlayers in the fracture of polymeric substrates has not been studied, and the
embrittlement mechanism is still unclear.

Here, we investigate the embrittlement mechanism of hard coated colorless PI films
and the role of interlayers in toughening the colorless PI-based cover windows for flexible
electronics applications. We first describe a fracture mechanics model for bilayer and trilayer
cover windows with different crack configurations. Next, for model inputs and validations,
the material properties of the cover window layers are characterized. Then, critical strain
to failure, εc, is computed by utilizing finite element analysis (FEA) for a wide variety of
cover windows with different crack configurations and varying material properties and
interlayer thickness. By plotting the computed εc as a function of the representative elastic
property, we show that the embrittlement is attributed to the fracture behavior of the cover
windows and placing a ductile interlayer toughens the cover windows. To validate our
work, we incorporated an acrylic thermoset interlayer to fabricate a trilayer cover window
that exhibited improved εc.

2. Fracture Model, Materials, and Methods

The embrittlement of hard-coated colorless PI films is hypothesized to be a fracture-
driven problem. Like other brittle coatings on polymer substrates [15,16], a channel crack
first forms and propagates in the brittle HC layer under tensile loading. Then, another
channel crack forms in the colorless PI-film due to a stress concentration leading to catas-
trophic failure of the cover window at εc < εb. Note that by convention, the failure strain of
materials without defects in tension is typically denoted by εb, and that of materials in the
presence of cracks is denoted by εc.

In this section, we first describe a fracture mechanics model and the FEA methods
to compute the εc of different crack configurations for bilayer and trilayer PI-based cover
windows. Then, we describe the materials and experimental characterization techniques
used for the bilayer and trilayer cover windows as well as their fabrication methods.

2.1. Fracture Model

Our fracture model is based upon the existing models for thin bilayer films on stiffer
substrates subjected to residual stresses [17] (substrates have little stress) and the previously
described multilayered barrier coatings on more compliant substrates subjected to uniform
tensile loading [13,14] (both the coating and substrates have stress). Our model is an
extension of the previous works but includes the analysis of substrate fracture in the
presence of an interlayer under uniform tensile loading. Linear elasticity and linear elastic
fracture mechanics (LEFM) are assumed.

We consider a total of eight possible crack cases for the bilayer and the trilayer cover
windows. The crack cases for the bilayer cover window are illustrated in Figure 1(b1–b3).
For simplification, only a single crack is considered in each case. Case b1 is a channel (i.e.,
propagating) crack in the HC layer only; case b2 is a channel crack propagating through
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the HC layer and a part of the colorless PI substrate; and case b3 is a channel crack in the
colorless PI substrate under a fully propagated crack across the HC layer.
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Figure 1. Crack cases for bilayer cover windows: channel crack in (b1) the hard coat (HC) layer;
(b2) both the HC layer and the part of the colorless Polyimide (PI) substrates; and (b3) the colorless
PI substrates under a fully propagated crack across the HC layer.

The crack cases for the trilayer cover windows are illustrated in Figure 2(t1–t5). Case
t1 is a channel crack in the HC layer only; case t2 is a channel crack in both the HC layer
and the interlayer; case t3 is a channel crack through the HC layer, the interlayer, and a part
of the colorless PI substrate; case t4 is a channel crack in the interlayer under an already
propagated crack in the HC layer; and case t5 is a channel crack in the colorless PI substrate
under an already propagated crack across the HC layer and the interlayer.
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Figure 2. Crack cases for trilayer cover windows: channel crack in (t1) the HC layer; (t2) both the
HC layer and the interlayer; (t3) the HC layer, the interlayer, and a part of the colorless PI substrate;
(t4) the interlayer under a fully propagated crack in the HC channel crack; and (t5) a part of the
colorless PI substrate under a fully propagated crack across the HC layer and the interlayer.

To compute εc for these crack cases, crack driving force is calculated based on refs. [13,14,17].
The crack driving force is also called strain energy release rate, G, which is equivalent to a
reduction in elastic energy by a crack formation [18] relieving stresses in the cover windows.
For cases b1, b2, t1, t2, and t3, the G may be obtained by [13,14,17]:

G =
1
2a

∫ a

0
σ(y)δ(y)dy (1)
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where a is the crack length, σ(y) is the stress far ahead of the crack front, and δ(y) is the
crack opening displacement far behind the crack front as illustrated in Figure 1(b1). σ(y) is
assumed uniform within each layer and is calculated by the well-known Hooke’s law:

σ(y) =
E(y)

1− ν(y)2 ε (2)

where E and ν are the modulus and the Poisson’s ratio of each layer, respectively, and ε
is the strain. The computed G can then be normalized by the elastic properties of the HC
layer as [14,17]

G =
EHC

1− ν2
HC

hHCε2Z = E∗HChHCε2Z. (3)

where E∗HC is the plane strain modulus of the HC layer [19], and Z is the dimensionless
parameter depending only on the crack geometry and the material properties of the cover
window [13,14,20]. For cases b1 and t1, a channel crack in the HC layer propagates when
the G in Equation (3) is equal to or exceeds the fracture energy of the HC layer, GHC

c which
is given by

E∗HChHCε2
cZ = GHC

c (4)

Thus, the normalized εc is given by

εc√
GHC

c /hHCE∗HC

=

√
1

Zb1 or t1
(cases b1 and t1) (5)

εc can be obtained by characterizing Z using FEA and the material properties of the
HC layer.

For other channel crack cases, the normalized εc can also be computed by relating the
G to the appropriate Gc

εc√
GHC

c /hHCE∗HC√
hHC+hPI(G

PI
c /GHC

c

)
aZb2

(case b2)

=

√
hHC+(a−h HC)(G

IL
C /GHC

C

)
aZt2

(case t2)√
hHC+hIL(G

IL
c /GHC

c )+(a−hIL−hHC)(G
PI
c /GHC

c

)
aZt3

(case t3).

(6)

where hPI and hIL are the thickness, and GPI
c and GIL

c are the fracture energy (Gc) of the
colorless PI substrate and the interlayer, respectively. For cases b2, t2, and t3, where channel
cracks propagate in more than one layer, Gc is estimated by the rule of mixture.

For a channel crack propagating under a fully propagated crack (cases b3, t4, and
t5), G can be characterized by traditional J-integral [21,22] to compute G for a plane strain
crack as a function of crack length a, i.e., G(a) [17]. Note that the plane strain crack is a fully
propagated crack across the cover window and propagates to the depth direction. Then, G
for case b3 is obtained by integrating G(a) from the interface (bottom of the HC layer) to
a [17]:

G =
1

a− hHC

∫ a

hHC

G
(
a′
)
da′ (7)

However, computing G(a′) requires different FEA geometries for each crack length.
J-integral also encounters convergence issues at the interface [17,23]. Alternatively, we
propose using Equation (1) to compute G for those crack cases. The method does not
require separate FEA models for different crack lengths and is free from the convergence
issues. Taking case b3 as an example (Figure 3), similar to case b1 the G is equivalent to
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a reduction in the elastic energy by a channel crack formation under a fully propagated
HC crack. This energy reduction can be computed by subtracting elastic energy in a unit
thickness of the cover window far ahead of the advancing channel crack (U1) from that far
behind of the crack front (U2). U is equal to G (Equation (1)) multiplied by a, so the G for
case b3 may be given by

G =
1

a− hHC
(aG2 − hHCG1) (8)
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Figure 3. Schematic illustration of a crack case (b3) to explain strain energy release rate calculation.

The denominator in this equation accounts for the depth of the channel crack. Assum-
ing the reduction in stress by a fully opened crack is negligible as reported previously [17],
G2 and G1 in Equation (8) are equivalent to those of case b2 and b1, respectively. In the
Supplementary Document, we show that G from the proposed method is almost identical
to that from the traditional J-Integral method. Now, using Equation (8), the normalized εc
for the crack cases b3, b4, and b5 can be calculated altogether:

εc√
GHC

c /hHCE∗HC

=

√
GPI

c /GHC
c

Zb3,t5
case b3 and t5

=
√

GIL
c /GHC

c
Zt4

case t4.
(9)

2.2. Finite Element Analysis

The commercial finite element software, ABAQUS (2019), was used to characterize the
dimensionless function, Z, for the crack cases with varying coating thickness and materials
properties. Figure 4 shows the geometry and boundary conditions for a bilayer cover
window used for FEA. The thickness of the HC layer and the clear PI substrate was fixed
at 5 µm and 50 µm, respectively; the thickness of the interlayer was varied from 0.5 µm
to 5 µm; and the crack length, a, was varied from 5 to 10 µm. The elastic modulus was
varied for the three layers as listed in Table 1. Differences in elastic properties between the
HC layer and the colorless PI substrate were quantified by so-called Dundur’s parameter,
α [17,24]:

α =
E′HC − E′PI
E′HC + E′PI

(10)

The parameter is often used to understand the fracture properties of multi-layered
structures [12,17]. The calculated α values for our FEA models are listed in Table 1. The
Poisson’s ratio was fixed at 0.34 for the clear PI substrate, 0.3 for the HC layer, and 0.35 for
the interlayer.

The model geometry consisted of the crack region (inside the dotted rectangle) and
the peripherical region, both of which were joined using a tie constraint in Abaqus. Note
that we performed a mesh convergence study and ran several cases without a tie constraint
to confirm it did not affect the results quantities of interest. The discretization of the
geometry in the crack region (inside the dotted rectangle in Figure 4) was much more
refined compared to the peripherical region. No boundary condition was applied to the
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right side of the crack region, and roller boundary conditions were applied to the bottom
and left sides of the periphery of the crack tip. The model without the interlayer had
~240,000 bilinear plane strain quadrilateral (CPE4) elements with 4 nodes. A uniform
lateral displacement field corresponding to 2% strain was applied to the left side of the
geometry. The residual strain was assumed zero in the FEA model. The FEA model used
for J-integral is detailed in the Supplementary Document.
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Figure 4. FEA geometry of a bilayer cover window consisting of a HC layer and a colorless PI
substrate with a crack in the middle with crack length, a. For the FEA of trilayer cover windows, an
additional interlayer was inserted between the HC layer and the colorless PI substrates. A uniform
displacement equivalent to 2% in strain was applied to the left side.

Table 1. Model inputs used for FEA. α is Dundur’s parameter and represents an elastic modulus
mismatch between the hard coat layer and the colorless polyimide substrates. * represents the elastic
properties of the fabricated cover windows.

Crack
Length, µm

Interlayer
Thickness,

µm

Modulus, GPa α between
HC and

Colorless PIInterlayer HC Colorless PI

5
5.5
6

6.5

0.5
1
5

0.46
4.6 *
10

3 10 −0.549
4.75 8.25 −0.282
5.8 * 4.8 * 0.063 *
6.5 6.5 −0.014

8.25 4.75 0.256
10 3 0.528

2.3. Materials

A UV curable urethane acrylate-based flexible HC [3,25] was used to fabricate bilayer
and trilayer cover windows. A waterborne thermoset acrylic polymer (Rhoplex 3208 from
Dow Inc., Midland, MI, USA) was used as the interlayer to demonstrate its effectiveness as
a crack stop layer. The solid loading of the acrylic polymer was varied to as high as 18.6%
in solution.

A colorless PI film was used as the substrate. The polymer backbone was devel-
oped using a strategy to achieve low color by disrupting intrachain and interchain charge
transfer transitions which would otherwise introduce color. In addition, the synthetic
and film-forming process was optimized for improved optical and mechanical perfor-
mance. High modulus and low color can be achieved simultaneously through the choice of
monomers, polymer backbone chemistry, and process conditions. The material properties
and performance of the colorless polyimide films used in the study are listed in Table S1
Supplementary Materials (also see [3] for more details).
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To characterize the material properties, the HC layer and the interlayer were coated on
both 6” Si wafers and polymer films by a spin-coater (model WS650-23, Laurell Technolo-
gies, Lansdale, PA, USA) and a bar coating at room temperature. The casted HC formulation
was UV-cured using a Fusion 300 conveyor system (irradiance ~1600 mW/cm2). Each film
passed the UV lamp three times at 50 feet/minute. The average energy density values
were around 450, 150, 40, and 500 mJ/cm2 in the UVA, UVB, UVC, and UVV regimes,
respectively. The casted interlayer was thermally cured in two steps at 120 ◦C for 5 min for
initial drying and at 150 ◦C for 10 min for the full cure. It should be noted that the curing
processes did not cause the embrittlement of the colorless PI films.

2.4. Cover Window Fabrication

To fabricate bilayer cover windows, the HC formulation was deposited on the colorless
PI substrate using a slot die coater. Then, the HC layer was cured by the previously
described processes. To fabricate trilayer cover windows, the interlayer formulation was
first deposited on the colorless PI substrate via Gravure coating. The line speed was
controlled at 5 ft/min to achieve the optimal heating time. The colorless PI substrate was
subsequently corona treated. After flashing off the water, the acrylic polymer was thermally
cured at 120 ◦C for 5 min and subsequently at 150 ◦C for 10 min. The varying film thickness
was achieved by diluting the dispersion with deionized water (6 to 18% solid loading).
Finally, the HC layer was deposited using the slot die coater.

2.5. Nanoindentation

Hysitron TriboIndenter TI980TM with nanoDMA® III (Bruker, Minneapolis, MN, USA)
was used to obtain the elastic modulus E of the HC and the interlayer on Si wafers. The
nanoindenter was operated in CMX mode [26], in which the indenter tip was continuously
oscillated at ~1 nm amplitude. A Berkovich tip was used and calibrated by indenting a
fused quartz standard sample at depth between 100 and 350 nm. Test specimens were
glued to sample holders using a hot melt adhesive (CrystalbondTM 555, Aremco Products,
Valley Cottage, NY, USA). Nine indentations were made on each specimen. Subsequently,
4 indentations were made on the fused silica to verify the area function calibration.

2.6. Tensile Test

Tensile test was performed to measure the elastic properties of the colorless PI films
and the εc of the cover windows. The thickness of the colorless PI substrate and the HC
layer was 50 and 5 µm, respectively. The test specimens were 12.7 mm wide and 50 mm
long in gage length, and were pulled at the rate of 6 mm/min. The strain was measured by
an optical extensometer or digital image correlation [27]. The onset of a channel crack was
detected by a camera. The test was repeated 5 times.

2.7. Fracture Test

To characterize the Gc of the HC layer and the interlayer, a bilayer fracture test [11,28–30]
was utilized. Bilayer tensile specimens were fabricated by coating the 30 µm HC layer and
the 30 µm interlayer on 250 µm PET substrates. Testing 5 specimens for each condition, the
bilayer films were pulled at 6 mm/min until a channel crack was detected by an optical
camera to characterize the εc. Because the configuration of the test specimens with a channel
crack is identical to case 2b (Figure 1), by using Equation (4) and measured εc values it is
possible to characterize the Gc of the HC layer and the interlayer. The Z values for the HC
layer and the interlayer were computed by the FEA method using the measured modulus
of the PET substrate and the HC layer (Table 2). The computed Z values for the HC layer
and the interlayer were 2.0 and 1.9, respectively (Table S2 in Supplementary Materials).
Note that the HC layer and the interlayer were coated much thicker than those in the cover
windows to fracture each layer at strain within its elastic limit. Residual strain was ignored
as it is small compared to the fracture strain. For the colorless PI substrate, the Gc value was
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estimated due to a difficulty of characterizing plane strain fracture property for polymer
films [31–33].

Table 2. Mechanical properties of colorless polyimide films, hard coat layer, and interlayer used for
computing εC and fabricating cover windows.

Material Modulus, E [GPa] Poisson’s Ratio Fracture Energy, Gc
[J/m2]

Colorless polyimide 4.8 ± 0.1 0.34 430 *
Hard coat 5.6 ± 0.2 0.3 * 100 ± 57
Interlayer 4.6 ± 0.07 0.35 * >810 *

* estimate.

3. Results and Discussion
3.1. Embrittlement of Colorless PI Film

The tensile tests were performed on the standalone colorless PI films and the hard
coated cover windows with α = 0.063 (Figure 5). The standalone colorless PI films exhibited
εb at 27%. The same PI films coated with the 5 µm HC layer exhibited final failures
at at εc = 8.3% after the HC channel cracking formation at εc = 5.0%. Additionally, the
embrittlement of the colorless PI films was demonstrated in bending. The out-fold bending
(the HC layer was in tension in bending) of the same bilayer cover window fractured into
two pieces (Supplementary Video S1) while the same bending did not lead to the fracture
of the standalone colorless PI films (Supplementary Video S2). We note that the colorless PI
films did not show any embrittlement after exposure to the solvent used for the HC casting
and the subsequent thermal and UV curing processes.
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3.2. Materials Characterization

The measured elastic and fracture properties of the materials are listed in Table 2.
The Gc of the HC layer, GHC

c , exhibited a larger variation, which is attributed to variations
in flaw size due to the large coating thickness. Nonetheless, the characterized GHC

c was
100 J/m2, which is significantly greater than those of typical inorganic silicate barrier
coatings [28]. The Gc value of the interlayer, GIL

c , was a conservative estimate. In the
fracture test, even the 50 µm thick interlayer did not fail at 3.9%, well above the elastic limit
of typical thermosets, and this strain value results in a GIL

c equal to 810 J/m2.

3.3. Fracture Analysis
3.3.1. Bilayer Cover Window

The normalized εc of a channel crack through the HC layer in the bilayer cover
windows (case b1) is shown as a function of α in Figure 6. The normalized εc decreases
with increasing α. Stiffer colorless PI substrates (lower α) can constrain the crack opening
in the HC layer more than compliant colorless PI substrates (higher α). This indicates
that cover windows with lower α values (i.e., soft top layer on hard substrate) are more
resistant against cracking in the HC layer. However, such cover windows are not practical
at this point, as soft layers are more susceptible to unwanted mechanical damage such
as scratching and denting and soft and self-healing protective sheets [34–36] are still in a
research stage.
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For a channel crack propagating through the HC layer and a part of the colorless PI
substrate (case b2), the normalized εc is plotted as a function of α for selected a in Figure 6.
Like case b1, the normalized εc decreased with increasing α. The trend is also explained
by the degree of constraint from the colorless PI substrates. At the same α, the normalized
εc, increased with increasing a as GPI

c > GHC
c and the contribution from the colorless PI

substrate to the total Gc increased with increasing a. It is noted that the normalized εc
values for case b2 are higher than those for case b1 at the same α, indicating that case b2
cannot occur in the bilayer cover windows.

Figure 7 shows the normalized εc for case b3 as a function of α for selected a values.
The normalized εc was computed by the proposed method and Equation (8). To vali-
date the method, selected crack cases were also computed by the traditional J-integral
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and Equation (7). The two methods were found to generate almost identical results
(Figures S1–S3 in Supplementary Materials). When a = 5.5 µm, the normalized εc decreased
monotonically with increasing α like cases b1 and b2. When a = 6 and 6.5 µm, the nor-
malized εc exhibited a concave downward trend with increasing α. It is interesting to
note that when α values ≥ 0.256, the normalized εc increased with increasing a, which is
opposite to the typical fracture behavior of monolithic materials and means that the channel
crack would stop propagating to the thickness direction under the same stress. This is
associated with the loading condition and the elastic mismatch. In our study, the bilayer
cover windows were uniformly stretched, so ε was uniform throughout the cover window.
However, the stress values change across the interface due to the modulus difference,
except for α = 0 (Equation (2)). In the cover windows with higher α (E′HC > E′PI), stress
in the colorless PI substrate is lower than that in the HC layer, leading to a decrease in G
when the crack penetrates deeper into the substrate. This analysis suggests that increasing
E′HC is beneficial to mitigating the cracking of the PI substrate or the final failure of the
bilayer cover windows. It is noted that when α values ≤ 0.063, the trend reversed and
the normalized εc decreased with increasing a, indicating a spontaneous (unstable) crack
propagation once a channel crack is nucleated in the colorless PI. The cover windows
showed that the embrittlement had α = 0.063, which is indeed consistent with the analysis.
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Figure 7. Normalized εc as a function of Dundur’s parameter, α, for a channel crack with different
crack lengths in colorless PI advancing under a fully propagated crack in hard coat layer (b3).

It is instructive to compare the normalized εc for the three bilayer cases in Figure 8 to
understand the failure mechanism of the bilayer cover windows. Note that the crack case
with the lowest normalized εc is the energetically favored failure mechanism. A channel
crack in the HC layer (case b1) has the lowest εc values across α, so this is the first failure
mode to happen and is consistent with the tensile test results (Figure 5) and bending test
(Supplementary Videos). Once case b1 occurs, case b2 is no longer a feasible failure mode.
However, case b3 can occur when the bilayer cover windows are subjected to additional
tensile strain equivalent to the difference in normalized εc between case b1 and case b3.
For the cover window with α = 0.063, the difference in normalized εc between case b1 and
case b3 corresponds to 2% strain, which is matched well with the measured difference in εc
(3.3%) for the bilayer cover windows in the tensile test (Figure 5).
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Figure 8. Normalized εc for three crack cases in bilayer cover windows as a function of Dundur’s
parameter, α (b1,b2,b3).

3.3.2. Trilayer Cover Window

We analyzed the failure mechanisms of trilayer cover windows with an interlayer.
Based on the analysis in the previous section, a channel crack propagation in both the HC
layer and the interlayer is less likely to occur, so the analysis for cases t2 and t3 are provided
in Supplementary Materials (Tables S3–S5).

The normalized εc for case t1 is shown as a function of α between the HC layer and the
colorless PI substrates (Figure 9). The interlayer was 1 µm thick and had varying EIL from
0.46 GPa to 10 GPa. For comparison, the analysis for case b1 is plotted with a dashed line.
While the trend of the normalized εc with α is similar to that of case b1, the normalized
εc values for case t1 are lower than those for case b1, except for the trilayer cover window
with EIL =10 GPa. This trend is also explained by the degree of constraint from underlying
layers. A stiffer interlayer can restrict the crack opening in the HC layer.
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Figure 9. Normalized εc as a function of Dundur’s parameter, α, for a channel crack in the hard coat
layer in the trilayer cover windows (case t1). The thickness of the interlayers was 1 µm, and the
modulus of the interlayer was varied from 0.46 to 10 GPa. Normalized εc for case b1 is plotted with a
dashed line.
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Next, we examined the effects of hIL on the normalized εc for case t1 at α = 0 (Figure 10).
The analysis for case t1 with non-zero α is provided in Supplementary Materials. When
EIL > EHC, the normalized εc increased with increasing hIL. The opposite trend was ob-
served when EIL < EHC. These observations suggest that placing high modulus interlayers
is beneficial to improving the εc of the HC layer. From an application point of view, high
modulus interlayers are also preferred as HC layers on softer substrates tend to leave
permanent dents in use [3]. In practice, however, it is difficult to find interlayers with
higher modulus than the HC layer, so our analysis in the subsequent sections is focused on
trilayer cover windows with EIL = 4.6 GPa.
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Figure 10. Effects of interlayer thickness on normalized εc for a channel crack propagating in hard
coat layer (case t1 in Figure 2). α = 0.

We investigated the effect of interlayers on a channel crack formation under a fully
propagated channel crack (cases t4 and t5). The normalized εc for the two cases with
hIL = 1 µm and EIL = 4.6 GPa is plotted in Figure 11 along with the analysis for case b3
(dashed line) for comparison. While for case t4 (a = 6 µm) the normalized εc was much
higher than case b3, for case t5 (a = 6.5 µm) the normalized εc was found to be comparable
with case b3. This is due primarily to higher GIL

C than GPI
C and indicates that the interlayer

serves as a crack stop layer and governs the final failure of the trilayer cover window
(PI fracture). The improvement of εc by the interlayer is represented by the difference in
normalized εc between case b3 and case t4 (shaded area in Figure 11).

To validate the model prediction and demonstrate the effectiveness of the interlayer as
a crack stop layer, we fabricated a trilayer cover window using the materials described in
Table 2 and performed the tensile tests. The acrylic polymer-based interlayer (Rhoplex 3208,
EIL = 4.6 GPa) was deposited on the colorless PI substrate via Gravure coating (hIL = 1 µm).
The HC layer was deposited on the interlayer through a slot-die coating. The fabricated
trilayer cover window had α = 0.063. The characterized εc of the trilayer cover window
was 11.8%, which significantly increased (~42%) from that of the bilayer cover window of
8.3% (Figure 5). We note that the improvement is, however, underestimated by the model
prediction of 1.8%. One reason for the underestimate is that our model assumes linear
elasticity and LEFM while the colorless PI substrates broke beyond their elastic limits. For
more accurate predictions, an elastic-plastic model that account for plasticity during fracture
processes should be incorporated. Another reason for the underestimation is related to the
underestimating the GIL

C as described in the Materials Characterization section.
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the improvement in the failure strain of the colorless PI substrate.

Finally, we discuss the practical implications of our analysis for how to improve
the mechanical integrity of the cover windows. First, as we demonstrated that the em-
brittlement is caused by a crack penetration from the HC layer, reducing the HC layer
thickness should be effective in improving the εc of the cover windows. The εc of brittle
coatings generally increases with decreasing the coating thickness [11,12]. Second, while
the elastic properties of each layer play a major role in the fracture behavior of cover
windows, a design window available for tailoring their elastic properties to resolve the
embrittlement problem is rather limited. Due to the intended function of the HC layer
to protect underneath substrate and the limited available modulus range of the colorless
PI, the values of α for the cover windows are mostly confined to >0. Third, although
soft interlayers may be beneficial to increasing εc for a channel crack in the colorless PI
substrate (Supplementary Materials), soft layers tend to leave permanent dents in the cover
windows under compression [3]. Lastly, perhaps the most significant and viable approach
to improve the mechanical integrity of the cover windows is to increase the Gc of each layer.
Tailoring Gc of materials is possible while maintaining their elastic properties [12,37–41].
For cases b3 and t5, our model showed the that the εc of the cover windows is proportional
to
√

GPI
c . If the GPI

c is increased to a reported value of ~3000 J/m2 for traditional amber PI
films [42], the εc of the colorless PI substrate can be increased by 2.64 times. Optimizing the
material properties of the constitutive layers with particular attention to the Gc of colorless
PI substrate using different PI backbone chemistry and processing [3] would provide a
pathway to the successful development of cover windows for flexible electronics.

4. Conclusions

Reliable and durable protective cover windows are crucial for protecting flexible
electronics. While carefully engineered hard-coated colorless PI-based cover windows
can offer well-balanced flexibility and mechanical robustness, some colorless PI films
are susceptible to embrittlement in the presence of HC layers. We have investigated the
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embrittlement of hard-coated colorless PI films for flexible cover windows and the role of
ductile interlayers as a crack stop and toughening layer. We computed εc for different crack
configurations in the bilayer and trilayer cover windows using fracture mechanics analysis
and FEA models together with materials’ properties’ characterizations. By analyzing the
computed εc and the elastic modulus mismatch between the HC layer and the colorless PI
substrates, we showed that the embrittlement was associated with the fracture behavior
of the cover windows, and placing a ductile interlayer can mitigate the embrittlement.
Using our analysis as a design guide, we fabricated a trilayer cover window with an acrylic
thermoset interlayer and demonstrated a significant improvement in the εc by ~42%. We
believe the present analysis provides insights into the designs of mechanically robust
colorless PI-based cover windows for emerging flexible electronics applications.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/coatings13091597/s1. The supporting information are for material properties
used for modeling, details of the FE simulation, and results of the parametric study.
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