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ARTICLE INFO ABSTRACT

Keywords: This paper presents a comprehensive experimental and computational study to explore the damage evolution
Nanoflakes mechanisms of polymer matrix nanocomposite films consisting of rigid ceramic fillers coated on a polymer
Montmorillonitg substrate. The weight ratio of montmorillonite (MMT) fillers in the polyvinyl alcohol (PVA) matrix ranges from
Egzyannail?l:mx 30 % to 70 %, and these are applied onto a polyethylene terephthalate (PET) substrate. Through experiments,

apart from damage behaviors, the water vapor transmission rates are also measured to gain insight into moisture
diffusion characteristics with varying weight ratios of fillers. The optimal weight ratio of nanocomposite films
consisting of a PVA matrix with MMT fillers can vary depending on the purpose of damage resistance and
moisture barrier characteristics. A peridynamic theory is employed to simulate various damage scenarios of bi-
layer nanocomposite films. The solution strategy presented incorporates the use of the cut-boundary and finite
element methods to reduce substrate thickness and make initial predictions of crack onset strains, respectively,
under quasi-static loading conditions. Several damage scenarios are considered for thin and thick PVA films on
the PET substrate, as well as weak to strong interfaces between the PET-PVA and PVA-MMT layers. Additionally,
different distributions of MMT fillers are also considered by varying the distances between them and inserting
inclusions. The peridynamic damage analyses encompass crack initiation, propagation, and final failure stages
across a wide range of strains, including various damage modes such as matrix cracking, cracking at the filler-
matrix, or matrix-substrate interfaces, leading to the cohesive film cracking and delamination.

Fragmentation behavior

1. Introduction nanocomposite films can be further optimized to serve diverse appli-

cations such as gas barriers, [14,20-23] molecule separation, [24-26]

The polymer nanocomposite market has shown consistent growth in
the recent decade [1] and extensive research has been conducted on
inorganic filler — organic matrix nanocomposites, particularly focusing
on their microstructure, gas and moisture diffusion barrier, and me-
chanical properties. Among inorganic fillers, flake-like two-dimensional
(2D) nanomaterials such as clays, graphene, and graphene oxides serve
as excellent nanosheet building blocks after exfoliation, creating a dense
array of aligned platelets and/or multilayers that significantly increase
the water molecule diffusion path in an organic polymer matrix. [2-8]
Moisture barrier performance improves by controlling the filler content.
[9-15] With alterations of filler and matrix concentrations, orientations
[16], processing methods and treatments, [11,17-19] these
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moisture barriers, [9,10,12,13,15,27] flame retardant coatings [11,
28-30] for food processing, pharmaceutical, wearables and implant-
ables, as well as battery applications. [31-33] Furthermore, substrate
conditions induced during the processing and pre/post-processing, e.g.,
particle/void inclusions, [34] residual stresses, [35] surface roughness,
[36] and surface treatments, [37] can alter the functionality of nano-
composite coatings themselves.

Montmorillonite (MMT) clay is the type of nanoflake widely utilized
due to its ease of exfoliation and modification. [25] MMT consists of
surface-substituted aluminosilicate layers, each approximately 1 nm
thick, intercalated with metal cations and stacked into multilayer for-
mations of 1 ~ 10 pm in size. By modifying the surface of clay layers

Received 14 October 2024; Received in revised form 17 November 2024; Accepted 18 November 2024

Available online 21 November 2024

2352-4316/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:kyungjin.kim@uconn.edu
www.sciencedirect.com/science/journal/23524316
https://www.elsevier.com/locate/eml
https://doi.org/10.1016/j.eml.2024.102268
https://doi.org/10.1016/j.eml.2024.102268
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

C. Diyaroglu et al.

appropriately, MMT can be dispersed in a polymer matrix, resulting in
the formation of polymer-clay nanocomposites. Moreover, organic
modifiers can be used to treat MMT, enhancing its compatibility with
matrix materials. [38] Individual clay layers of only a few nanometers
thick become completely separated in the matrix and form exceptionally
dense and highly aligned arrays. Meanwhile, polyethylene terephthalate
(PET) is the most common polymer substrate available as a bulk film
that not only the MMT and other nanoflakes (also called nanoplatelet
arrays) but also ultrathin conformal metal oxide and nitride layers are
coated on its surface. [2,21,24,35,39-43] PET is also used as the sub-
strate for active layers of flexible organic electronics. [44-46] Nanoflake
based thin film coatings can be advantageous for such applications that
involve constant and repeated mechanical deformations throughout
their shelf life due to their flexibility [47-49].

Although the elastic limit of inorganic thin film barrier coatings is
typically limited to a crack onset strain (COS) of only a few percent (i.e.,
1 -3 %), it is adequate for rollable, bendable, and foldable electronics by
preserving the integrity of the thin layer [35,39,50-52] and the sub-
strate or carrier layer can be designed (e.g. serpentine, horseshoe curves)
to increase the stretchability. [53-56] The increased density of rigid
inorganic fillers such as MMTs in the organic polymer matrix leads to a
comparative range of COS with conformal inorganic coatings. Under-
standing the onset of crack propagation and the resulting paths leading
to failure is more complex than homogeneous inorganic coatings, which
typically exhibit channel cracks across the entire width of the film. [57]
Li et al. [58] investigated the fracture behavior of nanoscale laminated
Si3N4/BN composites in which BN represents soft, weak interfaces be-
tween rigid SisN4 layers. A higher SisN4 content in BN interfacial layers
makes the interfacial layers stronger and crack deflection more difficult,
such that through-thickness cracking is dominant. In another study,
Morits et al. [59] utilized nano-sized MMT clay and polyvinyl alcohol
(PVA) polymer matrix nanocomposites to replicate the fracture tough-
ness of nacre-inspired materials. Fracture testing showed crack deflec-
tion and fracture toughness of 3.4 MPa-/m, not far from nacre. Wang
et al. [60] created layered MMT platelet/nano fibrillar cellulose
(NFC)/PVA binary layered nanocomposites. They found MMT pull-out
damage with fibrils fracture and crack bridging between the layers.
Peng et al. [61] aimed to enhance the toughness of Poly-
dimethylsiloxane (PDMS) by incorporating layered MMT, leading to a
significant 12-fold improvement in toughness. Additionally, they
investigated crack propagation paths during mode-I tensile testing and
observed crack bridging and propagation between the layered MMTs
perpendicular to the preexisting crack. Finally, Wang et al. [62] provides
an overview of fracture mechanisms in layered nanocomposites that
mimic nacre, consisting of 95 % inorganic and 5 % organic constituents
by volume. The experiments revealed that the primary fracture modes
are platelet pull-out and interfacial cracking between the layers, with
some platelet fractures occurring at high volume fractions due to the
flaws within ceramic fillers. The dominant interfacial fracture modes
can also be observed in a review paper by Corni et al. [63] on laminated
SisN4-BN nanocomposites. Besides, another review paper by Bonderer
et al. [64] demonstrates the impact of the aspect ratio of CaCO3 and
Al,O3 platelets on a fracture mode in a ductile polymer matrix. Higher
aspect ratios tend to result in platelet fracture, while lower ratios lead to
a platelet pullout mode.

Several researchers conducted computational studies to understand
crack initiation sites and paths leading to the final failure of filler-matrix
composites. In a study conducted by Ongaro et al. [65], the classical
continuum mechanics theory and a peridynamics-based unit cell
approach are combined to predict the effective tensile modulus and
fracture toughness of polymer-based nanocomposites. In the PD model,
the 1-5wt% MMT clays of the epoxy matrix were represented as
one-dimensional non-straight curved lines. They compared mode-I crack
growths of bare polymer with those of polymer containing 3 wt% MMT
fillers and observed a tortuous crack path in the clay-content polymer in
contrast to the bare polymer, aligning with the findings from the
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experimental tests. Lawrimore et al. [66] investigated the interface
cracking behaviors of PVA matrix/MMT nanocomposites. They
employed molecular dynamics simulations to determine interfacial
fracture toughness values of PVA-MMT. These values were then inte-
grated into finite element models based on the cohesive zone method.
The models represented three-dimensional (3D) cylindrical forms of the
intercalated lamellar structure of PVA matrix and 1 wt% MMT in a unit
cell. Through this multi-scale approach, calibrated with experimental
data, the researchers successfully captured interfacial crack propaga-
tions between the PVA matrix and MMT clays. Nayak et al. [67] utilized
the peridynamic (PD) and cohesive zone-based finite element (FE)
methods to simulate the damage paths of cementitious composites that
involve 10-30 % metallic particulates within a unit cell. The computa-
tionally determined average Young’s modulus, tensile strength, and
fracture energy closely matched the experimental results. This study also
demonstrates the alignment of FE results with PDs results and experi-
ments. The findings highlight the effectiveness of the PD method over
the cohesive zone-based FE method, as it requires fewer input parame-
ters (i.e., critical stretch for crack initiation and propagation), and the
crack paths are independent of FE meshes. Baber et al. [68] also
investigated the incorporation of rigid carbon nanotube (CNT) yarns
within a polymer matrix composite, a configuration that involves voids.
The study considered the random distributions of CNTs and voids using
probability density functions. Comparative studies show that PD theory
can capture damage outcomes and stress-strain curves aligned with the
results of experiments. In another study conducted by Jenabidehkordi
et al. [69], the fracture behaviors of polymer matrix composites were
investigated. The composites involved spherical inclusions with a vol-
ume ratio ranging from 0.2 % to 50 % and varying stiffness ratios
compared to the polyethylene matrix, ranging from 2 to 1000. The an-
alyses were performed on a rectangular unit cell, and the results,
compared to experiments, were able to capture damaged paths. How-
ever, the study only considered single interface fracture toughness be-
tween the polymer matrix and the rigid particles.

The PD theory is structured as an extended version of classical con-
tinuum mechanics theory, exhibiting several benefits compared to other
methods such as the finite element-based cohesive zone method. In the
classical continuum mechanics (CCM) theory by Augustin Louis Cauchy,
only neighboring interactions of an infinitesimal volume are considered
with traction vectors. The PD theory further incorporates distant in-
teractions in the most general sense. The length scale, termed as horizon,
designates extent of such interactions and classical theory can be
recovered as it approaches to zero. The most remarkable property of the
PD theory is that the equation of motion does not include any spatial
derivatives as in the CCM theory. As a result, the PD theory has several
advantages over local theories. In the fracture mechanics sense, the PD
theory is especially promising for failure analysis of structures because
the formulation is valid everywhere regardless of the presence of dis-
continuities in the domain, and it does not require any external crack
growth criteria to predict when and where the crack propagates. In
simulating cracking behaviors of nano-fillers inside polymer matrix, the
PD theory does not require any pre-cracks, and the cracks emerge and
propagate spontaneously depending on the fracture toughness values of
the polymer matrix, ceramic filers, and interfaces between them. The
capability of the PD theory has been demonstrated by several re-
searchers with many benchmark problems, and the advantages
mentioned above are validated by experimental findings [70-74].

When filler-matrix nanocomposites are applied as barriers or func-
tional coatings onto substrates, the combined filler-matrix-substrate
failure modes address the mechanical durability of the targeted appli-
cations. Most studies involving thin coatings on the substrate focus on
the homogeneous films and/or individual preexisting cracks to examine
the crack growth and fracture behaviors [75-77] and it becomes an
oversimplified assumption for filler-matrix nanocomposite films. The
filler-matrix nanocomposite materials are statistically homogeneous at
the macroscopic scale yet heterogeneous at the microscopic scale. The
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fragmentation behavior shows highly localized crack growths around
the onset of cracking. The origin of the localization appears to be
different per processing-structure parameter and results in different
fragmentation behaviors. Identifying the failure mode and damage
evolution behavior of filler-matrix nanocomposite films on the
compliant substrates under monotonic loading will likely assist in
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improving the processing and structural designs, e.g., arresting cracks.

In this study, we conduct in-situ microscopy tensile fragmentation
tests to observe damage evolution behaviors of flake filler-matrix
nanocomposite films on a PET substrate. The nanocomposite films are
comprised of MMT fillers of varying weight ratios in a PVA matrix. The
weight ratio of MMT fillers inside the PVA matrix, in experiments, is

cross-section

——PET-70PVA
——PET-50PVA
——PET-30PVA

Fig. 1. Experimental characterization of nanoflake composites fragmentation behavior (A) a schematic image of in situ microscopy tensile test setup and in situ top-
view optical image of 50 % MMT/PVA (top-left) and Bare-PVA (bottom-left) and cross-sectional scanning electron micrograph (right). Here, 30 dip coatings on PET
substrates are used as example images. Scale bar: 100 um (B) Engineering stress-strain curves of nanocomposite films. (C) Crack densities at different levels of applied
strains with 30 %, 50 %, and 70 % MMT fillers. (D) The damage evolution behavior observed for PET-70PVA (top), PET-50PVA (middle), and PET-30PVA (bottom).
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used as 30, 50 and 70 %. A dipping method is used to produce a natural
flow-induced filler-matrix nanocomposite layers dissolved in a solution,
followed by curing the aligned structure coated on PET. Following the
experimental work, the computational study based on PD theory is
conducted in order to investigate fracture behaviors of nanocomposite
films with varying distributions of MMTs and the interfacial fracture
toughness between the PVA matrix and MMT fillers as well as the PET
substrate and PVA matrix. The PD theory is advantageous in simulating
crack initiations and propagation paths from crack-free configurations
due to its mathematical structure involving integro-differential equa-
tions, and the meshless method is advantageous over the finite element
method that does not require any re-meshing or suffers from shear
locking. Damage criteria for initiation and propagation are based on the
material property of mode-I critical energy release rate. The computa-
tional study presented in this paper utilizes PD theory to assess experi-
mental observations of COS and the propagation of cracks leading to the
final failure (cracks at saturation) under tensile loadings.

As explained above, several computational studies have explored
limited ranges of filler weight ratios, applied strains and/or single-layer
nanocomposites without the substrate for the damage behaviors of
nanocomposite films. This study aims to investigate critical failure
modes and fracture behaviors of flake filler-matrix-substrate materials
across a wide range of strains, including matrix cracking, cracking at the
filler-matrix or matrix-substrate interfaces, leading to the cohesive film
cracking and delamination. Additionally, the distance between fillers
and interfacial fracture toughness are considered to help better design
targeted applications based on organic polymer substrates in combina-
tion with filler-matrix barrier coatings.

2. Experimental results

Experimental characterization on the fragmentation behavior of
MMT/PVA-PET samples are shown in Fig. 1. The in situ microscopy
tensile test allows a continuous monitoring of top-view optical images
under the monotonic increase of applied strains for MMT/PVA films,
containing dense MMT filler arrays as shown in the cross-sectional im-
ages of 30-dips MMT/PVA and Bare-PVA on PET (Fig. 1A). The thickness
of coatings ranges between ~40 and ~45 mm for 30 dips and ~14 mm
for 10 dips. The effect of plasma treatment slightly increases the thick-
ness by less than 1 mm per 10 dips. The stress-strain curve of PET sub-
strates with and without MMT/PVA coatings is shown in Fig. 1B. The
MMT/PVA coatings composed of MMT filler materials at weight ratios of
0, 30, 50, and 70 % are indicated as PET-PVA, PET-30PVA, PET-50PVA,
and PET-70PVA, respectively. Please also note that the weight ratios of
MMTs inside the PVA matrix are related to the volume ratios of 0, 17, 32,
and 52 %, respectively. The addition of a PVA layer onto a PET substrate
significantly increases the ductility of the specimen compared to the
bare PET (ultimate strains of 181 % vs. 110 %), while MMT fillers
inserted at different weight ratios into the PVA matrix decrease the
ductility, back to the bare PET’s (88.5 ~ 113 %) due to the high elastic
modulus of MMTs. The hardening behavior of the PET-XPVA nano-
composites varies with the emergence of localized cracks and/or their
evolutions within the PVA matrix. The ultimate strain decreases after
reaching a 50 % MMT filler weight ratio. The average Young’s moduli
are found to be 3.15, 2.87, 3.20, 3.80, and 3.96 GPa for Bare-PET, PET-
PVA, PET-30PVA, PET-50PVA and PET-70PVA, respectively. The
modulus value increases with higher clay loadings. The PET-PVA sample
exhibits a reduction in Young’s modulus compared to the bare PET,
attributed to the lower modulus of PVA, i.e., 2.75 GPa. [78] In addition
to the PET and PVA properties, Manevitch and Rutledge [79] used the
molecular dynamics method to analyze Young’s modulus of a single
MMT lamella and found approximately 270 GPa.

Crack densities are measured during the monotonic stretching of
PET-30PVA, PET-50PVA, and PET-70PVA (Fig. 1C). The cracks that
emerge through the length of the specimen are counted and averaged
along its width within the intervals of 128 um. The final value, named
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crack density, demonstrates the number of cracks per unit length (mm)
of the specimen. The COS values are observed to be 3.2 %, 2.9 % and
1.9% for PET-30PVA, PET-50PVA, and PET-70PVA, respectively,
decreasing as the MMT content increases. It is also worth noting that the
PET-PVA nanocomposite (without MMT fillers) does not exhibit any
localized cracks, as shown in Fig. 1A, until it reaches the ultimate strain
of 181 %, indicating that the MMT fillers cause initiation and propa-
gation of cracks. According to in-situ images in Fig. 1D, localized
microcracks appear in all samples at the COS levels. As the strain in-
creases, the local cracks disperse across the surface of the film, ulti-
mately leading to an increase in crack densities. The crack densities of
PET-70PVA increase significantly compared to other samples’, reach-
ing a saturation level of 40 per mm at nearly a 2.1 % strain increase after
the COS. On the other hand, the crack density increasing speeds for PET-
30 PVA and PET-50PVA are slower. PET-30PVA and PET-50PVA reach
saturation after the emergence of initial cracks, nearly after 4.8 % and
4.1 % strain levels, respectively. The rapid development of localized
cracks in PET-70PVA is evident in the in-situ images, which is attributed
to the arrestment of cracks before reaching the PET-PVA interface as
opposed to lower filler content films, i.e. PET-30PVA and PET-50PVA
nanocomposite films. The schematics in Fig. 2A show such reasoning
for low versus high filler loading composites, allowing increased
delamination paths in lower filler loading composites. Similar micro-
cracks observed in the 70 % and 50 % weight ratio of MMT fillers at 4 %
strain turn into a higher density of localized cohesive film cracking and
interfacial delamination, respectively, at 6 ~ 8 % strains. The PET-
30PVA samples show more localized cracks than PET-70PVA and PET-
50PVA, likely due to higher PVA portions across the farther gaps be-
tween MMT fillers.

Effect of plasma treatment and number of dipping layers on the
damage evolution behavior are clearly shown in the image of PET-
50PVA at the crack density saturation (Fig. 2B). Here, we would like
to mention that the images shown in Figs. 1D and 2B for PET-50PVA
without the plasma treatment have different cracking behaviors. Both
samples are produced with the same conditions but have distinct fea-
tures in crack bridging, which is the straight horizontal cracks between
the vertical cohesive cracks. In Fig. 1D, the discrete and wavy cracks are
observed at 8 % strain; however, in Fig. 2B, the continuous and straight
cracks are developed. Even though both 50 % filler coatings are pro-
duced under the same conditions, they reveal different features in crack
bridging. One possibility of the absence of crack bridging in Fig. 2B
could be attributed to the environmental conditions during the barrier
dipping coating process that affect the film-substrate interfacial
bonding. The varying localization of exfoliated filler chunks and
differing interfacial fracture toughness values between the filler-matrix
and the film-substrate may explain this discrepancy. Nevertheless, we
observed overall delamination, COS, and crack density behaviors of the
50 % coating are consistent and different from those of 30 % and 70 %
coatings. Increased interfacial adhesion after the plasma treatment be-
tween the layers leads to continuous cohesive crack growths in the filler-
matrix film layers without delamination from the substrate, and the
increased thickness in 30 dips PET-50PVA reduces COS to half of 10
dips’ COS, following the 1/v/thickness trend when the proportional
thickness increase is assumed for the number of dips (Fig. 2C). [21,80]
The barrier improvement factor (BIF) of 10 dips and 30 dips PET-50PVA
compared to the bare-PET in the same plot shows about a three-fold
increased BIF ( x 3.41) for 30 dips PET-50PVA, presumably coming
from three times increased diffusion pathways. X-ray diffraction (XRD)
analysis presents the crystal size of PET, PET-30PVA, PET-50PVA and
PET-70PVA (Fig. 2D). While the most prominent peak per each sample
reflects the presence of the PET substrate (Figs. S1, 20 ~ 26°), as MMT wt
% increases, a smaller peak appears at 20 ~ 7° ~ 9° and increases
continuously, indicating the increasing presence of MMT crystals in the
overall samples.

The effect of adding MMT flake fillers in the PVA matrix on the
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moisture diffusion barrier performance is shown in Fig. 2E. The MMT
filler loading from 0 % (bare PET) and 30 % to 40, 50, 60, 70 % shows a
very mild improvement in water vapor transmission rates (WVTRs) for
10 dips coatings. The values stay the same order of magnitude at the
testing condition (relative humidity (RH) 100 %, 37°C) for all ranges of
the filler loading unless changes are made in the testing or processing
conditions. For example, WVTRs of the 50 % filler loading decreases to
1.08 and 0.756 g/m?/day in 25 %RH and 30 dips coatings, respectively.
The water contact angle (WCA) is measured to test an additional factor

that affects barrier quality (Fig. 2F). WCAs show how the film surface
interacts with water droplets, indicating the film surface’s water sorp-
tion tendency. [81] A film is described as hydrophilic or hydrophobic
based on whether it has low or high water contact angles, respectively.
The hydrophobic surface delays the sorption and can visibly decrease
WVTR levels. [82,83] The increased hydrophilicity in PET-70PVA
compared to ones in all other samples (including the surface plasma
treated PET) is likely one of the reasons why WVTR increases after 60 %
filler loading. These findings align with expectations, given MMT’s
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We further investigate the damage characteristics of flake-filler-

matrix composites from crack initiation to final failure, i.e., crack

3. Modeling results

known water sorption properties and the ability of plasma treatment

enhancing the surface adhesion.
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images of damage initiations at MMT-PVA interfaces from crack-free PD system; crack opening displacements (COD) and crack onset strains (COS) are indicated. The

Fig. 3. Combined finite element (FE) and peridynamic (PD) modeling approach and solution strategy: (A) interactions within a deformed body, Q (B) Simulation
solution strategies to solve PD model with strain increment, shown as (C) a schematic plot and (D) overall flow chart.
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density at saturation, using PD theory. The MMT fillers modeled in
either finite element method or peridynamic theory have constant
geometrical parameters. Exfoliation levels provided by Sigma Aldrich
Inc and references [3] are applied, i.e. the thickness of 400 nm and
diameter of 10 pm. The modeled cylindrical MMT particles are detailed
in Section 83.1. Several scenarios are considered to understand damage
behaviors. These include MMT distributions and fracture toughness
values for the interfaces between MMT-PVA within the PVA matrix and
the PET-PVA. Additionally, the FE method is utilized for the modeling
and analysis of displacements and stress distributions within the thin
films augmented with MMT fillers. All peridynamic analyses are per-
formed using the adaptive dynamic relaxation (ADR) method to analyze
crack propagation under quasi-static loading, representing experimental
conditions. In some cases, where the crack emergence strains are higher,
the displacements already found are transferred from the FE to the PD
model in order to reduce computational time. Another type of
improvement is achieved through less complex substrate modeling. This
is done by comparing the FE results with classical continuum mechanics
theory under plane strain conditions. The thickness of the PET substrate
is reduced based on the MMT filler distributions outlined in the
following sections. Computational improvements enable us to compute
numerous scenarios in a short time, thus expanding our comprehension
of the damage behavior of these nanocomposite films under increasing
strains.

The flake fillers/matrix-substrate (MMT/PVA-PET) structure is
analyzed using PD theory to verify converged displacement results
without allowing any damage, and then the results are compared with
FE method. Another reason for this verification is to track the conver-
gence of the ADR method and determine the most efficient mass factors
over time. The following section addresses various damage scenarios by
comparing crack initiations, propagations, and final failures for different
distributions of MMT while varying fracture toughness values for PVA-
MMT and PET-PVA interfaces.

3.1. Theory

During peridynamic theory development, Kilic [84] utilized the ADR
method for the first time, solving the dynamic form of the equation of
motion given below statically.

Pyl = Fx (3.1)

where p represents the material density, u and F are the displacement
and force vectors, respectively. Moreover, the dots on u denote time
derivatives. The force vector acting on a main material point k can also
be explicitly depicted as:

N
Fu :Z i — o«

j=1

V(J) + b (3.2)

The symbols t and b denote the force density and body load vectors
here, while V represents each node’s material volume. The summation
encompasses all material points within the main material point’s hori-
zon &, as illustrated in Fig. 3A. It ranges from one to the total number
of material points in a family of k, which is N.

The force density vectors acting on material points k and j are ori-
ented in opposite directions and have equal magnitudes. These vectors
are specifically aligned to satisfy both linear and angular momentums
within a body and are designated as:

twe = — o (3.3)

5 7('% Y )M 3.4

L = ®06)
g v

in which c is the material property parameter named as the bond
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constant, and s is the stretch of a bond given as:

‘Ym B Y(k)‘ =[x = x|
IXi) = X0

Here, x and y represent the reference and deformed position vectors
of the material points, either k or j. The representation of damage in
peridynamic theory is quite straightforward and does not lead to any
singularities like in classical theories. This is because the failure
parameter M within the summation function is not differentiated,
and it can be explained as:

1ifs ) < sc
Moy = { Ootherw1se (3.6)

Sk)(j) = (35)

This means that it is a step function, and the termination of inter-
action between the material points occurs when it equals zero, a process
called bond breakage. The damage of each material point is defined as
the ratio of the number of broken interactions to the total amount of
interactions as:

N
2 mMwg Vi
N
> Vo)
Near the crack openings, the damage parameter @, ranges between

0.25 and 0.5. The critical stretch parameter in Eq. (3.6) is defined as
[701:

o =1 (3.7)

G.

Se=2 c64

(3.8)
where G, is the critical energy release rate (fracture energy) which is a

material property, and bond constant under plane strain condition can
be derived as [71,72]:

24y
=5 3.9
The shear modulus here is defined as ¢ = 2E/5 under conditions of
constant Poisson’s ratio 1/4. This is a requirement of the peridynamic
theory for the computational analyses presented in this section.
In the ADR method, the left-hand side of Eq. (3.1) is replaced with
the fictitious parameters of diagonal density matrix (D) and damping
coefficient (cq) as below.

Du +c¢4sDu =F (3.10)

Solving the above equation over time leaves us with only the static
equation of F. The diagonal elements (4) of the D matrix can be
determined utilizing the formula of

mz{ XG) — |V(1)

(3.11)
|Xu> ~ X }

where e is the unit vector along the x and y directions, and m denotes a
mass correction factor that should be determined for efficient conver-
gence times. The dynamic equation given in Eq. (3.10) converges to the
stable static equation given in Eq. (3.1). This convergence is achieved by
choosing the effective damping coefficient cg which could be considered
as the most crucial part of the ADR method. The most effective value of
cq during analysis can be calculated from the lowest frequency, o, of the
system as:

Cq = 2wg (3.12)
and

n\Tgn n
Wy = (lzu)n)lfu: (3.13)

in which the superscript n and T indicate the time step number and
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K" is the diagonal stiffness matrix which is defined as

R e
_ Ak Ak
K= e (3.14)

where At denotes the time step size. The displacement and velocity
vectors are integrated between the times steps by using explicit central —
difference time integration technique. The details of the ADR method
and the calculation of the adaptive damping coefficient, which effec-
tively deactivates the dynamic part of the equation of motion, can be
found in the reference 84.

3.2. Analyzing the behavior of nanocomposite films under quasi-static
loading

It is possible to predict COS by comparing von Mises stresses at the
tip locations of the MMTs. The strain just below the predicted COS in the
FE model could be utilized as an initial strain for the PD damage anal-
ysis. The maximum stresses are concentrated within the MMT fillers;
however, they are quite rigid, and the stress levels are significantly
below the threshold for fracture. The stress concentrates on the MMT
tips and the maximum levels are observed at the bottom tips as 16.47 x
10~* and 16.33 x 10~* N/pm? for thin and thick PVAs, respectively.
Simulations without damage and our solution strategies are explained in
Section S3 of supporting information in detail.

The PD theory involves the analysis of crack initiation, propagation,
and final failure achieved by incremental strains and the solution of the
model with the ADR method at each step in a quasi-static manner.
Fig. 3B shows the example crack initiations and propagations simulated
for PET-30PVA in the PD system. The tensile strain ¢, applied to the right
edge of the nanocomposite film is expressed as

stepy

&x = Eiye T Agg (Stepl + T) +Aey

StePm 3.15)
a

where Ag; and Agy denote the strain increments after crack initiation
and at later stages after delamination initiation at the PET-PVA inter-
face, respectively. The second strain increment Agy is typically charac-
terized by its size, which is larger than the A¢;, as delamination damage
at the PET-PVA interface propagates slower than cracks inside the PVA
matrix. In Eq. (3.15), once the damage is detected with levels exceeding
0.10, the number of strain increments counted by step; is deactivated,
and step;; begins, while counting the number of strain increments until
the step;; and crack propagation analysis terminates upon cracks
reaching the film surface, which is identified as the final failure. Here,
the parameter a ensures that the strain increments after the crack ini-
tiates are smaller than the increment before initiation and it is usually
chosen to be between 5 and 10. While implementing the ADR method in
PDs, the strains are incrementally increased over fictitious time steps, as
shown in Fig. 3C by pink solid line. After each increment, the ADR
method continues by applying fixed strains to allow breakage of the
peridynamic bonds. If any bond is broken during this phase, the time
steps continue until the displacements converge, followed by a strain
increment. However, no bond breakage is allowed during the strain
increments.

Regarding the convergence criteria, the error is determined using the
Euclidean norm as

M 2

> (Q-Q)

k=1 8
Eq=—"F+<10

Q2

(3.16)

M=

k:

1

in which Q represents the displacements in the x and y directions, i.e. U
and V, respectively. The quotation symbol denotes the displacements
from the previous time step, and M is the total number of peridynamic
material points inside the body, Q. If the condition specified in Eq. (3.16)
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is satisfied with either €y or €y, the cumulative error is then calculated
over 10,000 time steps by
10,000
— Se T € -3
Eq = ——<4x10
Q Z 2

T=1

(3.17)

for the x and y displacements. The ADR steps are considered to have
converged when the Eq is less than 4 x 1073 for both U and V.

A flow chart shown in Fig. 3D outlines the solution strategies dis-
cussed above for the analysis of nanocomposite films with thin and thick
PVAs. It is also considered here the varying distance between the MMT
fillers (s) for examining damage behavior from crack initiation to failure.

3.3. Damage evolution behavior

We focus on the three damage types within the peridynamic bond:
matrix cracking and interfacial cracking between MMT-PVA and PVA-
PET crossing dissimilar materials. We assume the absence of cracking
within the MMT fillers and PET substrate because of the pre-cracked
nature of the flake fillers compared to homogeneous brittle film layers
and the observed fragmentation images during the experiment carried
out, respectively. Geometrically, two cases of filler-matrix film thick-
nesses are considered for MMT/PVA-PET: thin and thick PVA films
deposited onto the PET substrate. The thicknesses of PET substrate, thin
and thick PVA films are chosen as h, = 65.50 pm (half thickness from
the line of symmetry), hgf =1.80 pm and hgf = 14.40 pm, respectively,
that align with experimental measurements. The geometrical di-
mensions of all films including the unit cell dimensions are detailed in
Section S3 with representative figures.

For the simulations of MMT/PVA-PET for various damage scenarios
using peridynamic theory, a damage criterion outlined in Eq. (3.6 and 7)
is employed. This criterion allows the failure parameter M); to be
either null or one, depending on the critical stretch parameter value, i.e.
s¢c. The interaction between material points terminates if its stretch value
is less than the critical stretch of a bond, or in general terms, a peridy-
namic bond breaks. Here, the critical energy release rate (G.) plays a
crucial role in the critical stretch parameter, determining the initiation
and propagation of cracks along with the final failure damage at satu-
ration within the material and its interfaces.

Bond breakages within the PVA film and interfaces between PVA-
MMT and PVA-PET are allowed with the fracture toughness values of
PVA and interfaces denoted as K-/ and Ki, respectively. In PD theory,
each bond is explicitly defined with these parameters in determining the
critical stretch. The average fracture toughness is utilized for the PVA
matrix, i.e. KfCVA = 1.0 MPay/m, [59,76,73] and the interfacial fracture
toughness value (Ki*) ranged between 0.1 and 1.0 MPa,/m, is investi-
gated to reflect its dependency on the specific bonding characteristics
exhibited between the different materials, as well as to match with
experimental results.

Interfaces are typically treated by using a geometric average of the
material parameters in PD theory [74] associated with the peridynamic
bond. In this context, this parameter is the equivalent shear modulus
calculated by

g

3
||
-

(3.14)

Hiio )

k4

m

3

I

L
Tl

where N, denotes the total number of bond segments () that crosses
different types of materials and y,, is the shear modulus of each segment,
i.e. p,, = 2En/5, as depicted in Fig. 4A. Moreover, the equivalent bond
constant ¢ can be determined by substituting s ; into Eq. (3.8).
Taking into account the critical stretch parameter (s.) denoted in Eq.
(3.7), the cy);) has a profound impact on it. In order to investigate this
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Fig. 4. Damage types and effect of distance between MMTs on COS: (A) The damage types within the PVA matrix and peridynamic bond crossing dissimilar ma-
terials. (B) MMTs in PVA matrix at varying distances, s, 2400 nm 400 nm, 100 m from left to right. (C) The average Young’s modulus of material points near in-
terfaces located on the dashed lines in (B). (D) The change in COSs as the distance between the MMTs increases for different interfacial fracture toughness, K}?‘.

impact near interfaces, the average Young’s modulus at each material MMT interfaces, E, is plotted for the cases of varying distances (s) be-

point is calculated by tween the MMTs. Fig. 4B shows the thin film cases with various dis-
N tances between the MMT fillers, s = 2400, 400, 100 nm. The average

Egp = % ZC(kJ(i) (3.15) Young’s modulus of material points located on the dashed lines (in
j=1

Fig. 4B; (i-1), (i-2), (i-3), (ii)) is presented in Fig. 4C. It shows the non-

Using the above formula for material points near the PET, PVA, and averaged Young’s modulus derived from the bond constant by
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employing an equivalent shear modulus described in Eq. (3.14) as equal
to the shear modulus of the PVA matrix, i.e. uy; = iy, specifically for
the interface bonds depicted with solid lines. As shown in Fig. 4C (i),
Young’s modulus of MMT points near the interfaces gradually decreased
in the order of 0.6. Conversely, Young’s modulus of PVA points
increased by a factor of 1.7, making the points even stiffer than the PET
substrate between the MMT fillers. Moreover, for closer MMTs (s =

A

Increasing the distance between MMTs, s (nm)

Extreme Mechanics Letters 73 (2024) 102268

100 nm), the only calculated Young’s modulus for the material points
between the MMTs is 4.93 GPa, which is 1.8 times stiffer than the
original PVA matrix. With regard to the PET-PVA interface (Fig. 4C (ii)),
there is a minimal difference between the averaged and non-averaged
Young’s modulus at material points near the interfaces because of the
closer elasticity modulus of PET and PVA. The substantial difference in
elasticity between MMT and PVA results in a significantly greater effect

N
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Delamination 14.29%

17.02% 18.11%

I
Jubdubiubuuiuy

g JUUUULUUUURULILOL

S

T ———y———F
Delamination 7.20%

Delamination 17.04%

Increasing the interface fracture toughness, K"t (MPaym)

Delamination

e

Hiphoa

Delamination 28.20%)

Delminain 22.50%

Delamination 26.40%!
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Fig. 5. The PD all stage damage results for (A) crack initiation, (B) propagation, and (C) final failure at saturation with varying interfacial fracture toughness and

distances between the MMTs.

10
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on interface stiffnesses, which consequently influences the bond con-
stants. Considering the critical stretch parameter calculated by Eq. (3.7),
its value can decrease by as much as 1.34, given the relationship be-
tween them as s?V4 = /1.8s™. Hence, Eq. (3.14) is exclusively applied
for PET-PVA interfaces, and for MMT-PVA interfaces, the equation re-
duces to p ;) = Hp,- By doing this, the critical stretch parameter is not
affected by the stiffness of the MMT fillers but is affected by the y,, as

well as the fracture toughness of the interfaces; s ~ K& /E,,. Please also
note that the critical energy release rate can be calculated by

2
_ K

G, 5

(3.16)

to be used in the critical stretch parameter formula (Eq. (3.7)) and F/
E/(1 —1?).

Various damage scenarios are analyzed for varying distances be-
tween the MMTs, i.e. s =0, 100, 200, 400, 800, 2400 and 4400 nm,
and different values of interface fracture toughness, i.e. Ki* = 0.1, 0.4,
0.6, 0.8 and 1.0 MPa,/m between the PVA-MMT and PVA-PET in-
terfaces. Besides, the thin (h;',‘) and thick (hpTZf) PVA films deposited onto
the PET substrate are considered in the analyses. It is also important to
note that the fracture toughness of the PVA matrix (KfCVA) is fixed at a
defined value of 1.0 MPa+/m, as discussed in the previous section. All
the results of the peridynamic damage analyses for each scenario solved
can be found in Section S4.

Fig. 4D depicts the COS for each K case while altering the distance
between the MMTSs from Spyin = 0 t0 Smax = 4400 nm. It is evident from
the figure that COS decreases as the distance s decreases. In each case,
with a specific Kﬂ“ value, the maximum COS (COSay) is found at the
Smax, and the minimum COS (COS.,;y) is found at either or both the sy,
and s = 100 nm. For all cases, the ratio of COSpi, to COSy.x is calculated
to be between 55 — 59 %, with specific values provided as; 59.113 %,
55.95 %, 57.59 %, 57.48 % and 59.15 % for Kf’gt = 0.1, 0.4, 0.6,
0.8 and 1.0 MPa+/m, respectively. The differences between the COS for
the thin and thick PVA cases are mostly negligible. However, a signifi-
cant difference is observed when the s = 400 and 800 nm, with the COS
of the thick PVA being slightly larger than the COS of the thin PVA. In
the figure, the best curve fit equations based on the least squares mini-
mization method are also provided to demonstrate the average change
in the COS with the distance s.

Fig. 5 demonstrates the PD results for the stages of crack initiation,
propagation, and final failure at different interface fracture toughness
values, i.e. KI"* = 0.1, 0.6 and 1.0 MPa,/m, as well as for varying dis-
tances of s =0, 400, 800 and 2400 nm. It is important to note that
when K" = 1.0 MPay/m, K™ = KPVA. In Fig. 5a, during the crack
initiation stage, microcracks appear at the MMT tips in the middle of the
PVA film when the distance between the MMTs is 0-800 nm. Addi-
tionally, for s = 2400 nm, the first microcracks are also seen at the outer
MMT tips, which are closer to the edges. For the thick PVA case,
microcracks are only observed at the bottom two MMT tips, and as strain
increases, microcracks are also observed at the upper tips. These find-
ings validate the results presented in Fig. 4D indicating that as the K
and s increase, the COS increases simultaneously. The only exception for
the cracking behavior occurs when the KI™ = 1.0 MPa,/m and s = 400
nm. In this case, a cohesive crack is immediately observed, followed by
delamination damage. On the other hand, just before the cohesive crack
initiates, the microscopic damage levels are noticed as ~0.14, and they
are not considered as micro-cracks since the levels are less than 0.25.
When s is increased, stress concentrations decrease at the tips, and this
cohesive crack is not observed. Conversely, when the MMT tips are just
touching each other (s = 0 nm), no cohesive crack is observed as there is
no PVA material between the tips, unlike the s= 400 nm case, where
stresses were concentrated at the tips.

Fig. 5B illustrates the stage of crack propagation. It is clear that as the
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strain increases, the MMTs are pulled out from their tips when Ki* = 0.1
MPay/m. In addition, minimal delamination damage is visible between
the PET substrate and PVA film when s = 800 nm. However, delami-
nation damage is noticeable in other cases only at higher strain levels. It
should be noted that delamination on the plot will be marked by a
yellow circle or described below the damage. When the K™ is increased
to 0.6 MPay/m, pull-out damage is also observed at higher strain levels;
however, these pull-outs combine two or five MMTs when s is between
400 nm and 2400 nm. Remarkably, all the MMTs are pulled out from the
bottom to the top in the thick PVA when s = 2400 nm. In the case of the
KIM becomes equal to the Kb, the micro-cracks that originate at the
MMT tips grow into cohesive cracks. This often results in delamination
damage, especially in the s = 400, 800 and 2400 nm cases. However, a
cohesive crack is not observed when the PVA film is thick, and micro-
cracks will later evolve into that, as evident in the plot of the final
failure stage. It is worth noting that the final failure is only established
when the cohesive crack reaches the film’s surface. In most of the
propagation instances, the cracks have not yet reached the surface,
except when K" = 1.0 MPay/m. In this case, micro-cracks abruptly
transform into cohesive cracks, creating openings on the film surfaces.

In the final failure stage (Fig. 5C), the only observed damage mode
when the Kg‘t is at its lowest value (0.1 MPa+/m), is the pull-out damage
of the MMTs as well as minor delaminations between the substrate and
the film. Increasing the K value to the level of 0.6 MPay/m, the final
failures are still MMT pull-outs, but not individual pull-outs; instead,
they are combinations of many or all fillers as evident in Fig. 5C. Surface
openings are only seen either when the MMTs are just touching each
other or when the s = 2400 nm. Surface opening at lower s has not been
observed since the strain levels are not sufficiently high at this point.
However, when the MMTs are just touching each other, opening mode
becomes dominant. Increasing the K™ value to the level of PVA matrix
fracture toughness; the only final failure mode observed is cohesive
cracks with delamination at the PET-PVA interface.

In summary, when the MMTs are perfectly bonded to the PVA matrix,
they tend to fracture suddenly, leading to cohesive cracks and ultimately
resulting in delamination damages shortly after the crack initiations at
the tips of the MMTs, particularly the bottom ones. On the other hand,
when the bonding forces between the PVA and MMT are weaker, the
dominant type of damage is pull-out, and this type may eventually lead
to cohesive crack formation. However, surface openings can still be
observed in later stages after failure.

An alternative investigation for crack propagations and crack onset
strains involves increasing the weight ratio of the MMTs, as shown in
Fig. 6A. The weight ratios for each case are denoted in the columns
below the figure. It is important to note that these weight ratios corre-
spond to those in Fig. 6B, which illustrates the COS in a specific order.
Additionally, the blocks in Fig. 6B, indicated by dotted (below) and solid
lines (above), represent thin and thick layers, respectively. In Fig. 6, the
distance between the MMTs remains fixed at s = 200 nm. In the initial
scenario, the weight ratio remains at 30 %, consistent with the earlier
instances. Subsequently, additional MMT fillers are incorporated be-
tween the current ones along the thickness direction using the MMT
distributions from the 30 % case. This leads to weight ratios of 36 % and
41 % for the thin and thick PVA cases, respectively. Lastly, the weight
ratio is increased to 70 % by adjusting the unit cell dimensions to L =
11 ym and W = 500 nm. Thus, the distribution of MMTs resembles that
of the 30 % case.

The crack onset strains of the above scenarios are plotted in Fig. 6B
with varying K from 0.1 to 1.0 MPa,/m. The COS of both thin and thick
PVA films are found to be similar, with thick PVA showing slightly larger
COS values. Interestingly, when the weight ratio is increased with MMT
insertions, as for the second case, there is a noticeable increase in COS,
ranging between 22 % and 46 % for different K™ values. Precisely, the
increase in COS is calculated as 45.53 %, 29.11 %, 28.67 %, 22.35 %,
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Fig. 6. Effect of weight ratios and insertions in the MMT arrangement on the COS and damage evolution behavior: (A) The MMTs distributed in thin (above) and
thick (below) PVA films leading to different weight ratios. (B) COSs with varying K}’C“ in both thin and thick PVA films (C) The PD simulation results on the damage

initiation with different weight ratios and interfacial fracture toughness.

35.84 % for K" = 0.1, 0.4, 0.6, 0.8 and 1.0 MPa,/m, respectively.
Typically, an increase in weight ratio would be expected to decrease the
COS, however, the distribution of MMTs is altered with the insertions,
which in turn changes the crack onset sites and increases COS accord-
ingly. The stress concentrations become more pronounced at the MMT
tips close to the right edges of the films, rather than at the mid-MMT tips.
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This is because the insertions enhance the stiffness of the mid-regions
compared to their counterparts without the insertions. Consequently,
micro-cracks emerge at those sites as shown in Fig. 6C, followed by
Figs. 7A and 7B. On the other hand, when the weight ratio is increased to
70 % with MMT distributions similar to the 30 % case, the COS de-
creases as expected, with values of 29.77 % and 27.95 % for Ki** =
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Increasing the weight ratio of MMTs (%)
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Fig. 7. The PD simulation results on the damage propagation and final failure as a function of different weight ratios and interfacial fracture toughness. The MMTs
distributed in thin (above) and thick(below) PVA films in the (A) propagation and (B) final failure stage.

0.6 and 1.0 MPa/m, respectively. These findings closely match with the
experimental results which verify decreasing COS with increasing
weight ratio of MMT fillers. A more detailed discussion on this is pro-
vided in the next section. In Fig. 7, the peridynamic analyses for 70 %
weight ratio of MMT fillers are completed with only the fracture
toughness values of 0.6 and 1.0 MPa+/m since they are considered to be
the cases which closely match with experimental results.

The interface fracture toughness values of 0.8 and 1.0 MPa,/m result

13

in the formation of small micro-cracks at the tips. These micro-cracks
lead to cohesive cracks with sudden delamination, as shown in
Fig. 7B. Only when the MMTs are inserted, as in the second scenario, the
cohesive crack locations change. As explained earlier, the higher stiff
regions help to alleviate stress concentrations in the mid-regions,
causing this change. When the interface fracture toughness is
decreased to 0.6 MPa,/m, some cohesive cracks do not lead to delami-
nation but propagate just at the bottom of the MMTs, while others cause
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partial delamination at the higher strains. It is at this value that the
balance between delamination and MMT pull-put damage begins.
Further decreasing the value of KI* results in the predominance of the
MMT pull-out and delamination not related to cohesive cracks but
observed at very high stresses due to shear displacement development
between the PET substrate and PVA matrix.

4. Discussion on the combined results

Both COSs in the experimental and computational findings decrease
as the MMT weight ratios increase from 30 % to 70 %. In experiments,
the COS decreases by 40.63 %, while it decreases by 29.77 % and
27.95 % in the computational results for the interfacial fracture tough-
ness of 0.6 and 1.0 MPa/m, respectively. It is important to note that
various pre-existing discontinuities in the PVA matrix, including voids,
cracks, and debonds, can influence COS. While all the computational
analyses are carried out using pristine PVA, MMT, and PET materials,
leading to crack initiations consistently occurring at the tips of the
MMTs, the crack onset sites in the experiments can coincide with such
discontinuities, which potentially decrease the COS. The lowest COS
occurs when the distance between the MMTS, s, is less than 100 nm at all
Kt values and the minimum COS is 1.20 % with KI* = 0.1 MPa,/m.
Increasing K™ to 0.4 MPay/m, the minimum COS becomes 4.42 %.
According to those results and considering the experimentally found
value of COS 3.20 %, the K should fall in between 0.27 and 0.29
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MPa,/m. However, based on the computational results, MMT pull-out is
the only failure mode at or below the Ki** = 0.6 MPa./m. Referring back
to the experimental findings for PET-30PVA, some MMT pull-outs occur
on the film, but this is not the sole failure mode for this nanocomposite.
The sudden occurrence of delamination triggered by cohesive cracks is
also observed at early strains. This can only happen if the interfacial
fracture toughness values are close to the PVA’s toughness value. The
PVA matrix fracture toughness is estimated to be 0.17 — 0.36 MPa/m to
represent the observed experimental COS values of PET-30PVA. The
decrease in KA can be attributed again to the pre-existing disconti-
nuities in the PVA matrix and/or at the PVA and MMT interfaces.
However, we assume the pristine PVA’s fracture toughness to be 1.0
MPa+/m, used in the previous studies, for the computational analyses.

When K becomes less than 0.6 MPa/m, individual pull-outs are
observed, leading to delamination at very later stages of the analysis.
Fig. 8 shows the trend when the distance between the MMTs is inter-
preted as filler loading: the increased wt% (i.e. 53.20 %) accelerates the
COS and the energy release rate is spent more on cohesive film cracking,
while the decreased wt% (i.e. 38.37 %) delays the COS and the energy
release rate is spent more on delamination from the substrate.

The earliest COS is observed in PET-70PVA in the experiments,
consistent with the computational results. The experimental findings
indicate a lack of delamination in the case of 70 % weight ratios of
MMTs, attributed to two potential reasons. One possibility is that the
interfacial fracture toughness is significantly lower than the PVA’s

Increasing the distance between MMTs, s (nm)
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Fig. 8. Failure mode transition under varying weight ratios (from 53.20 % to 38.37 %) as the distance between MMTs increases observed in the PD simulation (top)

and experiment (bottom).
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toughness value, leading to the only failure mode being individual MMT
pull-outs without delamination or only minor ones at higher strain
levels. The computational analyses demonstrate this behavior when the
KInt yalue ranges from 0.1 to 0.4 MPay/m. Another contributing factor is
the obstruction of crack propagations by MMTs. In the computational
results of 70 % weight ratio of MMTs, the primary failure mode involves
cohesive cracks with delamination (in contrast to the experimental ob-
servations) for the K™ values of 0.6 and 1.0 MPay/m. These higher
values of interface fracture toughness could also reveal local micro-crack
propagations through the MMT interfaces in the form of pull-outs.
However, due to the two-dimensional (2D) nature of the computa-
tional model, the pull-outs at higher K™ values cannot be observed, as
the model only provides a cross-sectional cut from the mid-region of
cylindrical MMTs. This limitation leads to the dense distributions and
rectangular representations of MMTs in the 2D model. Therefore,
modeling the PET-70PVA film in 3D can better present the composite
system, which is not considered in this study.

5. Conclusion

We introduce experimental findings on the fragmentation behavior
of PVA matrix coated onto PET substrates with 30 %, 50 %, and 70 %
MMT nanoflake fillers. Then, to understand the initiation, locations, and
propagation of cracks, we carry out computational analyses for various
scenarios involving the distribution of MMTs, interface fracture tough-
ness values, as well as thin and thick PVA films. For damage analyses,
the meshless PD theory and incorporated FE results are utilized to
transfer displacements without cracks and predict initial strain values.
The solution strategies presented significantly reduce solution times and
substrate thickness by using classical continuum mechanics theory
under plane strain conditions. By delving into solution strategies and
exploring near interface elasticity modulus changes as well as critical
stretch values to simulate the results, various scenarios are solved with
the full results from crack initiation to final failure at crack saturation
demonstrated in the Section S4. Upon reviewing the computational
damage results alongside the experimental findings, the potential crack
onset sites, crack propagation paths, crack arrests, and cohesive cracks
leading to delamination have been identified. These findings provide
valuable insights for the design of future thin film flexible electronics
capable of withstanding damage up to 5 % strains. This can be further
improved by carefully manipulating the weight ratios of MMTs and their
distributions. Additionally, the presentation of moisture barrier testing
gives us a glimpse into designing structures with enhanced moisture
barrier capabilities. In the case of random distributions, the distances
between the MMT fillers vary, as do the interface properties. Inserting
MMT fillers into the mid-region of the PVA matrix could be considered
an effect that disrupts the regular arrangements. It increases the rigidity,
and the resultant crack locations and the COS values change. Random
distributions will have the combination of such effects. The crucial point
observed in the simulations is that the cracks emerge at the tip locations
of bottom MMT fillers, which are close to the film-substrate interface.
Cracks emerge at the tips of these chunks where the stiffness of the PVA
matrix is less than that of other regions. Overall, this work opens the
potential to be expanded to include the consideration of statistically
representative random distributions of MMT fillers as well as a three-
dimensional modeling scheme, but such endeavors are left for future
research.

6. Materials and methods

MMT/PVA-PET processing: The nanocomposite films are made via
layer-by-layer dipping of a 131 pum-thick PET substrate into MMT (Na*
cloisite (NaMMT) from BYK)/polyvinyl alcohol (PVA, Sigma Aldrich)/
deionized water solution. The MMT and PVA construct 1.5 % of the
overall nanocomposite by volume, with the DI water making up the
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other 98.5 %. The MMT is dispersed with a stir bar for approximately
15 minutes on a 130°C hot plate, followed by ultrasonication for
30 minutes, before being added to the PVA dispersion at room temper-
ature and stirred for 20 minutes. The complete solution is ultrasonicated
again for 30 minutes and stirred continuously throughout the dipping
procedure. Each dipping is followed by drying in an oven at 60°C for
minimum 30 minutes, at which point the substrate is rotated 180° to
allow for even coating for the same duration. The film remains vertical
to allow for the gravitationally assisted nanoplate alignment.

Plasma treatment: Some samples are tested at room temperature
with a plasma gun (Plasma Wand from Plasma Etch, Inc) between layers
during the dipping process. The plasma treatment procedure involves
placing a dry sample on a flat surface on a clean Kimtech wipe in the
fume hood and submitting each side to oxygen plasma for 30 seconds
before dipping it in the nanocomposite dispersion again. This step was
consistently carried out prior to applying each new film layer.

in situ microscopy mechanical test: Mechanical properties are
tested with a modular force stage (Linkam MFS). The samples are pre-
pared to a size of 4 mm wide and 40 mm long, clamped and pulled under
uniaxial tensile strain until the failure at loading rates of 50 um/s.
Applied force and extension are recorded along with in situ optical im-
ages (Nikon’s Eclipse LV100N POL, polarized light microscope). Crack
onset strains and crack densities are determined from the recorded
videos. The experimentally observed crack onset strain is the applied
tensile strain when the crack growth is first observed, and the crack
density is the number of cracks over the observation area (unit of
mm™Y), through the loading direction. Process-induced residual stresses
can occur in the film, and the applied strain can be updated in such cases
by including the residual strain (eapplied + Eresidual) in the stress
calculation.

Cross-section imaging: A cross-sectional image of the flake com-
posite film is taken with a Teneo scanning electron microscope. The
sample is cut on one end and then torn while submerged in liquid ni-
trogen, preserving the layers in the cold environment, followed by 2 nm
of gold sputtering.

Transparency test: A UV-Vis spectrometer (Agilent Cary 60 UV-Vis
spectrophotometer) is used to measure the wavelengths passing through
bare PET and MMT/PVA-PET samples with 10 and 30 dipping layers
with and without the plasma treatment.

Barrier performance test: Water vapor transmission rates are
measured through a permeation analyzer (Amatek MOCON, Aquatran 3)
following the ASTM 3299 standard. This setup involves placing the film
between two gas chambers, dry and wet sides. The relative humidity and
temperature of the wet chamber are set to 100 % RH and 37 °C. In
contrast, the dry chamber flows through nitrogen-carrying permeated
water vapor molecules to an electrolytic sensor that calculates the
transmission rate in the unit of g/m?/day. This permeation analyzer’s
detection limit is 5 g/m%/day; therefore previously tested WVTR value
of PET is used, i.e. 6 g/mz/day. [85]

All samples are created, characterized, and tested by ensuring suf-
ficient numbers and times to extract the standard deviations and average
values to draw statistically solid data and trends.
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