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Abstract: In addition to the mechanical properties and barrier performance, one of the key properties
of flexible films used in food packaging is the resistance of their gas barrier layer to buckling and
bending. Testing the gas barrier before and after mechanical stress is time-consuming and resource-
intensive, but important to assure a certain gas barrier during the whole life time of the package
until food consumption. The aim of this study was, on the one hand, to identify the most significant
influencing factors of a composite lacquer formulation and coating on its buckling resistance and, on
the other hand, to show a fast and efficient method to identify defects occurring during buckling.
The influence of mechanical stress was simulated via Gelbo-Flex treatment, and the samples were
examined and evaluated before and after using light microscopy. The evaluation was verified with
scanning electron microscopy (SEM) and helium barrier measurement. Polyethylene terephthalate
(PET) and polyethylene (PE) films were coated with composite barrier lacquers made of polyvinyl
alcohol (PVA) and montmorillonite (MMT) and the wet coating layer thickness (20, 40, 80, and
130 pm) and the composition of the coating were changed. It was found that thin coatings are more
resistant to buckling than thick coatings. It was also shown that a higher proportion of MMT in
the coating layer leads to a better gas barrier, but poorer buckling resistance. Additionally, it was
found that soft PE films are already subjected to high stresses during the coating process, which
means that barrier coatings do not build up ideally. However, the barrier-coated soft film withstood
mechanical stress better and lost less barrier by a lower factor than the counterpart on the basis
of PET. To conclude, the evaluation of the buckling resistance with microscopy offers an efficient
method during lacquer development; however, the final decision on the right lacquer composition is
dependent on many factors.

Keywords: permeability; food packaging; Gelbo-Flex; composite barrier coating; buckling resistance

1. Introduction

Food packaging is an essential step during food processing to ensure the safety and
quality of food from farm to fork. Prolonged food shelf-life helps to reduce food waste,
lessen the cost of production and carbon footprint, and eliminate energy consumption [1].
For this, materials with high barriers to moisture and gases are preferable to avoid fungal
contamination [2], oxidation [3], or unwanted texture changes [4]. Therefore, plastic
consumption for food applications is still in demand due to the benefits of these materials
offered such as their light weight, durability, and low price. This is supported by Statista
Research Department [5], wherein global plastic production is shown to have increased
and is expected to increase at least until 2027 [6].
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Polyethylene terephthalate (PET) and polyethylene (PE) are conventional polymers
widely used as packaging materials due to their excellent properties. PET is lightweight,
colorless, transparent (in an amorphous state), translucent (in a semi-crystalline state), and
inert against many relevant substances to a rather high degree [7]. Additionally, PET has a
high strength-to-weight ratio, making it more versatile for wide applications. It has good
chemical and physical stability, which makes it the most promising packaging material for
drinking water [8,9]. Meanwhile, PE is frequently used due to its excellent water vapor bar-
rier properties and good processability [10,11]. It possesses a broad variation of crystalline
structures based on density and chain branching. Owing to this, it is commonly available in
two forms: high-density polyethylene (PE-HD) and low-density polyethylene (PE-LD) [11].
Both materials are recyclable, promoting their utilization as sustainable resources, but are
nevertheless based on fossil fuels [12]. Therefore, there is a demand in industry to replace
petrochemical-based plastics with eco-friendly biodegradable biopolymers, e.g., like poly-
lactic acid (PLA) [13]. PLA is the most employed bio-based material in food packaging
because of its similar processing methods and very good mechanical and barrier properties
comparable to conventional polymers like polystyrene (PS) and PET [14].

Due to the demand for these materials for broad food packaging applications, there is
an urgent need to enhance their barrier properties, particularly towards moisture, oxygen,
and volatile odor molecules. Since the intrinsic water vapor barrier of PET and especially PE
is high, a common way is to improve the oxygen barrier is by using a coating with polyvinyl
alcohol (PVA) [15,16]. PVA is a transparent, flexible, and non-toxic synthetic polymer with
resistance to most chemicals. In some variants, it is a biodegradable polymer [17-19]. PVA
has also been approved as food contact material by the US Food and Drug Administration
(FDA) [20]. Owing to these properties, it is suitable for food packaging applications. The
oxygen barrier of PVA coating layers can even be improved by the integration of silicate
platelets [21-26]. The combination of a non-polar polymer film and a polar PVA-based
coating comprises a polymer film with a barrier against moisture and oxygen.

During transportation, handling, storage, film processing, and usage, the polymer
films are exposed to deformation, folding, buckling, and bending. The barrier properties
of the films are sensitive to such mechanical stresses, which has a long-term effect on the
shelf life of the packaged food. As an overall rule, the higher the barrier of a coating
layer, the more rigid the coating layer [27]. Standard oxygen permeability measurement
is time-consuming and requires tedious steps [28]. The packaging industry is therefore
demanding for a standard, fast, and simple test procedure to determine the influence of the
mechanical stresses on the permeability of these polymer materials.

Within this study, a less elastic PET film and an elastic PE film were coated with
gas barrier lacquers based on PVA and montmorillonite (MMT). The coating layers were
varied in thickness and composition, that is, in terms of the mixing ratio of PVA and MMT.
Afterward, the coating surfaces were examined with light and scanning electron microscopy
(SEM) and the films were characterized regarding their helium barrier. In the next step,
the coated films were exposed to Gelbo-Flex (GF) treatment. This treatment simulates
the mechanical stresses that occur during production, including bending, stretching, and
folding during the roll-to-roll process from film to pouch, as well as the buckling and
crushing that occurs during packaging, shipping, and transport from production to the
market and from the market to the end user. After the GF treatment, the films were again
characterized using the same analytics to identify which coating layer was more resistant to
mechanical stresses. A known disadvantage of the GF treatment is that the kinks, crinkles,
and cracks created in the film or coating are random from sample to sample and the test
is therefore not considered reproducible [29]. For this reason, a controlled buckling of the
coated films with a defined weight was carried out as part of this study and the barrier
was measured before and after this defined buckling. In this way, results were obtained
after defined buckling and after the GF treatment, which is standard in the industry. The
method of optical microscopy we used is a fast and easy method for making a pre-selection
which modification in terms of thickness and composition of the lacquer helps to improve
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with respect to resistance against bending, folding, and buckling. SEM images and helium
barrier measurements were used to confirm the learnings from optical microscopy; these
are still faster than typically used oxygen and water vapor measurements. Additionally, an
ink test is introduced that was adopted from the field of non-destructive testing that allows
for evaluating the influence of the number of GF cycles on the quality of a coating layer
with the chosen optical method.

2. Materials and Methods
2.1. Materials

Polyvinyl alcohol (PVA) was obtained as Exceval AQ-4104 from Kuraray (Frankfurt,
Germany) with a molecular weight of 32,000 % Platelet-shaped silicate particles and
montmorillonite (MMT) were provided as CLOISITE Na™ from BYK Additives and Instru-
ments (Wesel, Germany). The polyethylene terephthalate (PET) film Hostaphan™ RN23
was purchased from Mitsubishi Polyester Film (Wiesbaden, Germany). Polyethylene (PE)
film was purchased from Syfan (Kibbutz Saad, Israel). The polylactic acid (PLA) film used
was NATIVIA® from Taghleef Industries (Holzhausen an der Haide, Germany). All control
films, PET, PE, and PLA, were transparent and provided a thickness of 23 ym.

2.1.1. Lacquer Preparation

As reference coating, one type of PVA lacquer was produced with a solid content of
8 wt% from the PVA granules without further additives. For this purpose, the PVA was
mixed with water in a closed beaker at room temperature for 30 min, followed by a heating
step to 90 °C and a holding time of 60 min under constant stirring. When the PVA granules
showed complete dissolution, the lacquer was cooled down to room temperature. To
produce the composite barrier lacquers (CBLs), the MMT dispersion in water was prepared
firstly via a ball milling step according to Schiessl et al. [25] with a solid content of 5 wt%.
Afterward, the PVA granules were added to the MMT dispersion in a way that the total
solid content, meaning PVA and MMT together, was 8 wt%. The dissolving of the PVA
granules in the MMT dispersion was carried out as described for pure PVA. The mixing
ratio of PVA to MMT was adjusted to be 2:1 and 1:1 in weight with the numbers in the
brackets indicating the mixing ratio. The lacquers were labeled with PVA(1:0), CBL(2:1),
and CBL(1:1).

2.1.2. Sheet Coating

Before coating, the polymer sheets were pretreated via corona discharge with a dose
of 2.9 % for PE and with a dose of 2.0 % for PET applied with a table corona unit from

Tigres (Marschacht, Germany). The surface energy was measured to be higher than 44 %N
by means of test inks (Teststifte PINK, arcotest, Monsheim, Germany, according to DIN ISO
8296 [30]). Afterward, the lacquers were coated on the sheets with a lab-coating unit CUF
5 (Sumet Messtechnik, Denklingen, Germany) with the k-bar coating technique. Directly
after coating, the sheets moved in a convection dryer and the coating layer was dried for
3min at 60 °C.

The first investigation topic was to determine the effect of the coating thickness on the
buckling resistance. Therefore, the same lacquer (CBL(1:1)) was coated with a varying wet
layer thickness of 20, 40, 80, and 130 um. These thicknesses were chosen because they result
in dry layer thicknesses from 1 to 10 pm, which is the typical range for barrier lacquer and
other functional layers in food industry [31]. The samples were labeled accordingly with
the control film (PET or PE), the lacquer, and the wet coating layer thickness, leading to
PE | CBL(1:1)-20, for example.

The second investigation topic was to determine the effect of the mixing ratio of
polymer material (PVA) and silicate particles (MMT) on the buckling resistance. Therefore,
the wet coating layer thickness was kept constant (40 pm) and the lacquer composition was
varied. The lacquers PVA(1:0), CBL(2:1), and CBL(1:1) were coated with the same total
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solid content of 8 wt%. The samples were labeled similarly, leading to PE | PVA(1:0)-40,
for example.

2.2. Methods
2.2.1. Thickness Measurement

The thicknesses of the uncoated and coated control films were measured using a
precision thickness gauge (Hanatek FT3 from Rhopoint Instruments, Beyhill on Sea, UK).
The resolution was 0.1 pm, the thickness was measured at five random spots on the coated
sample, and an average value was reported.

2.2.2. Tensile Test

To determine the tensile strength, the elongation at break, and the Young’s Modulus
according to DIN EN ISO 527-3 [32], an electromechanical universal testing machine
from ZwickRoell (Ulm, Germany) with type Z005 from the Allround Line was used. The
traverse velocity was set to 100 T and the free clamping length was 50 mm. A fivefold
measurement was performed for each sample.

2.2.3. Stereo Microscopy

The stereo microscopy analysis was conducted using a LEICA MZ16 microscope
attached to a LEICA DFC320 camera (Wetzlar, Germany) to obtain images of samples using
LAS (Leica Application Suite) v4.0 with magnifications of 20 and 40 times. The setup of the
stereo microscope allows more detailed information about the surface morphology, but is
limited in magnification [33].

2.2.4. Differential Interference Contrast Microscopy

The differential interference contrast (DIC) microscopy was run by a Leitz Diaplan
microscope and LEICA DFC295 camera (Wetzlar, Germany) with the software LAS v4.0.
The same samples used for stereo microscopy were also used for this analysis. The DIC
microscope operates with illumination using polarized white light and reacts to differences
in the refractive index or thickness of light-transmitting objects. Stress-induced changes
in the refractive index were also detected. These differences lead to a phase shift in the
observation light, which generates different colors through interference [34].

2.2.5. Scanning Electron Microscopy

The scanning electron microscopy (SEM) images were captured using a JSM-7200F
from JEOL (Akishima, Japan). Before the analysis, samples were sputtered with a gold
layer using a Hummer JR (Technics, Alexandria VA, USA). The images of the coating layers
on the control films were captured with magnifications of 100 and 1000.

The cross-sections were prepared by Ar" beam milling with a cross-section polisher
(JEOL). The coated film was adhered between two conductive copper tapes with a conduc-
tive adhesive to improve the image quality. The images were captured with a magnification
of 10,000.

2.2.6. Defined Buckling

Figure 1 shows the process of defined buckling of the coated films. The films were
folded in a way that the coated side was inside. The buckling was performed by rolling
a steel cylinder with a defined weight of 1.98 kg two times over the edge. The film was
turned by 90° and the steps were repeated, ending up with two kinks building a cross
centered in the middle of the sample used for permeability test.
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Figure 1. Defined buckling of coated film; the film is folded in a way that the coated side is touching
itself (left); the film is buckled with a steel cylinder (middle); the film is buckled two times with a
turning angle of 90° (right).

2.2.7. Gelbo-Flex Treatment

Gelbo-Flex (GF) treatment was conducted according to ASTM F392 [35] by mounting
the control films and coated films as A4 sheets on the Gelbo-Flex Tester (KFT Brugger
Miinchen, Germany) and treating them with 3 and 10 cycles of back and forth twisting
of 440°.

2.2.8. Helium Permeability Test

The helium permeability coefficients Py, were determined using the manometric
measurement principle according to DIN 53380-2 [36] at a temperature of 23°C and a
relative humidity of 0 %RH. The test device was a GDPE from Brugger Feinmechanik
(Munich, Germany). A twofold measurement was performed for each sample and the
values were reported with standard deviation. With the helium permeance Qg of the
uncoated substrates PE and PET and the total permeance of the coated films Qy, being
the measured values, the permeance of the coating layer Q. was calculated according to
Equation (1).

_ Qs-Qr
Qs+ Qt

Normalizing the permeance to a specific layer thickness, in this study, 1 pm leads to

the permeability coefficient of the coating layer with the unit ﬁfn(z%;rum [37].

Qe )

2.2.9. Ink Test

The application of this test was motivated by a commonly used method in the area
of non-destructive testing, penetrant testing or dye penetrant inspection [38,39]. The test
was performed by using a marker, Faber-Castell multimark permanent (Stein, Germany),
to observe the penetration behavior of the marker’s ink in inhomogeneities of the buckled
films after GF treatment. The method is simple, whereby the leaking of ink through
the crinkles or cracks emphasizes a defect or delamination of the coating layer visually.
During this analysis, the flexed films coated with different barrier lacquer formulations
were marked with blue marker ink. After 10 min, each sample was investigated with DIC
microscopy with a magnification of 40 times to see the penetration behavior.

3. Results and Discussion
3.1. Tensile Test

Table 1 lists the results of the tensile tests of the uncoated control films: PET, PE, and
PLA. It is known that PET is a stiffer material than PE [40], which was also reflected in the
higher values for the Young’s Modulus (4100 MPa for PET and 141 MPa for PE) and tensile
strength (252 MPa for PET and 85 MPa for PE) of the films used. Consequently, the PET
film (105%) comprised a lower elongation at break than the PE film (132%). The mechanical
properties of the control films in addition to the adhesion of the lacquer to these control
films are the decisive characteristic when it comes to how the coated film behaves during GF
treatment [41].
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Table 1. Results of the tensile test of the polyethylene terephthalate (PET), the polyethylene (PE), and
the polylactic acid (PLA) control films, each with a thickness of 23 pm.

Polymer Film Young’s Modulus MPa  Tensile Strength MPa  Elongation at Break %

PET-control 4.10 x 103 + 148 252 £9.03 105 £ 3.20
PE-control 141 + 28.8 84.5 + 3.02 132 + 3.50
PLA-control 3.09 x 103 4+ 123 105 £ 2.38 38.6 £4.70

The PLA control film was an outlier in this study. Even when providing a similar
thickness as PET and PE, the uncoated version of the PLA film already broke during one
cycle of GF treatment. The very low value for the elongation at break (38.6%) in combination
with its rigidity (3090 MPa) was the reason why PLA was not suitable as a control film for
the planned investigation.

3.2. Effect of Coating Layer Thickness
3.2.1. Dry Coating Layer Thicknesses

The thickness values of coated PET and PE films are listed in Table 2. Applying 20 pm
of CBL(1:1) lacquer with a total solid content of 8 wt% on both PET and PE film only led to
a dry layer thickness of 0.8 and 1.7 pum, respectively. A wet coating layer thickness of 40 um
led to 2.7 and 4.1 pm, a wet coating layer thickness of 80 pm led to 5.9 and 7.2 pm, and a wet
coating layer thickness of 130 um led to 7.3 and 9.3 pm, respectively. As expected, the dry
layer thickness increased with increasing wet layer thickness for both substrates. However,
within the substrates, the dry layer thicknesses differed, with a consistently thicker coating
layer on PE compared to PET. The k-bar coating technique used is self-metered; i.e., the
coating thickness depends on the total solid content, the viscosity, the flow behavior, and
the interaction of the lacquer and the control film in addition to the wet film thickness [42].
As an overall rule during a self-metered coating process, the theoretical coating thickness is
always higher than the actual achieved one since the lacquer is not entirely transferred on
the substrate, but there are some losses. The goal to investigate the effect of the dry coating
layer thickness on the buckling behavior of the two substrate films could be tackled since
four distinctly different coating layers were produced.

Table 2. Thickness values and helium permeability coefficients of CBL(1:1) coating layers applied
with different wet coating layer thicknesses of 20, 40, 80, and 130 pm on polyethylene terephthalate
(PET) and polyethylene (PE) films.

Sample Code Thickness um Permeacb;\ialigPC::fﬁcient Sample Code Thickness um Permeiisli;%C::‘fﬁcient
mgdbar mgdbar
PET-control 23402 42 x 10* £ 8.9 x 10? PE-control 23403 3.3 x10° £3.8 x 10°
PET | CBL(1:1)-20 0.8+0.2 41 x10' 3.0 PE | CBL(1:1)-20 1.7+ 0.3 6.0 x 103 & 1.6 x 102
PET | CBL(1:1)-40 2.7+ 04 3.9 x 10! +2.1 PE | CBL(1:1)-40 41406 6.4 x 10% 4 1.7 x 102
PET | CBL(1:1)-80 59+ 0.3 3.8 x 101 +£2.9 PE | CBL(1:1)-80 72405 6.7 x 10° & 1.3 x 102
PET | CBL(1:1)-130 73405 5.5 x 10! + 5.0 PE | CBL(1:1)-130 9.3+ 0.6 8.5 x 10° & 2.5 x 102

3.2.2. Light Microscopy with Stereo and Differential Interference Contrast Microscope

Within the two substrates, the surface of the PE film is distinctly rougher than the
surface of the PET film. This property could be seen best on the images taken with the stereo
microscope, which, due to its mode of operation, provides more information on the surface
structure (Figure Al). Yan et al. [43] found the same for the two materials. The reason
for this lies in the crystalline structure. In the case of PET, the alternating terephthalate
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and ethylene glycol units lead to a highly regular and rigid molecular structure, leading
to a smooth surface. In comparison to PET, PE comprises a more random and flexible
molecular structure due to the presence of branching. The level of crystallinity in PE is
lower compared to PET, meaning the polymer chains are not as tightly packed. This more
amorphous structure makes PE films softer and less smooth compared to PET.

The difference in roughness between the two substrates is no longer recognizable after
coating with the composite lacquer CBL(1:1) and the other lacquer formulations described
later in Section 3.3. The roughness of the dried composite coating layer is thus independent
of the substrate. The influence of the applied layer thickness is only marginal. For both
substrates, the roughness tends to increase slightly with increasing layer thickness. The
roughness is caused by agglomerates of MMT in the lacquer that were not sheared off
during the manufacturing process or were newly formed during coating. If a thin wet layer
is applied, it is more likely that larger agglomerates are pushed forward by the k-bar and
thus do not end up in the dry layer. On the other hand, there is the drawback for thin wet
coating layers that the probability increases for smaller agglomerates, potentially becoming
stuck between the k-bar and the substrate, leaving a stripe in the coating layer.

Figure 2 shows images generated with the stereo microscope of the PET film coated
with 0.8 and 7.3 pym of the CBL(1:1) after GF treatment. After the treatment, PET | CBL(1:1)-
20 and PET | CBL(1:1)-40 showed crinkles and stretch marks but no holes. The images taken
with the DIC microscopy gave additional information (Figure A3). The tiny lines not only
appeared on the coating surface, but also in the coating layer, indicated by the rainbow
colored area interfering with the polarized light from the DIC microscope in and around
the stretch marks [44]. An increase of the coating layer thickness to 5.9 and 7.3 pm led not
only to crinkles and stretch marks, but to holes in the coating layer. These holes could be
best observed with the stereo microscope. The DIC microscopy again shows the mechanical
tension created by the GF treatment in the coating layer but also in the substrate itself since
the rainbow colored area was observed directly in the center of the hole.

(a) PET | CBL(1:1)-20 after 10 cycles GF (b) PET | CBL(1:1)-130 after 10 cycles GF

Figure 2. Stereo microscope images of the 0.8 ym thick (left) and the 7.3 pm thick (right) coating
layer of CBL(1:1) on the PET film after ten cycles of Gelbo-Flex treatment. The whole series of images
with all applied coating layer thicknesses of CBL(1:1) on PET before and after Gelbo-Flex treatment is
shown in Figure A2 for stereo microscopy and in Figure A3 for DIC microscopy.

Figure 3 shows images generated with the stereo microscope of the coated PE film
with a coating layer thickness of 1.7 pm before and after GF treatment. In comparison
to the similarly coated PET film, the thin CBL(1:1) coating on the PE film showed no
optical change (no crinkles and stretch marks) due to the GF treatment. The more elastic
appearance of PE, indicated by the lower Young’s Modulus and higher elongation at break,
shown in Section 3.1, led to a better force distribution in the coating layer during the
mechanical stress of the GF treatment. The images generated with DIC microscopy of the
coated PE films after GF treatment showed no light refraction of the polarized light, as was
the case for the PET samples (Figure A5). It seems that the tensions were created mainly in
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the control film, not in the coating layer. An increase of the coating layer thickness form
4.1 to 7.2pm on PE also led to holes in the coating layer as it did for similarly coated PET
samples. The rigidity of the CBL(1:1) coating layer itself was one reason for the visible
delamination in the form of holes. Additionally, it is known that the adhesion of PVA-based
lacquers is better on PET than on PE [45] and a better adhesion of the coating layer to the
control film leads to better performance during the GF treatment [46].

(a) PEICBL(1:1)-20 (b) PE | CBL(1:1)-20 after 10 cycles GF

Figure 3. Stereo microscope images of the 1.7 pm thick CBL(1:1) coating layer on the PE film before
(left) and after ten cycles of Gelbo-Flex treatment (right). The whole series of images with all
applied coating layer thicknesses of CBL(1:1) on PE before and after Gelbo-Flex treatment is shown
in Figure A4 for stereo microscope and in Figure A5 for the DIC microscope.

This means that the ideal thickness of a CBL (1:1) coating is crucial to ensure robust
structures of coated films combined with sufficient barrier properties. In this case, a lower
coating thickness is preferable, offering benefits to the plastics and food industries in terms
of reduced material usage, lower costs, and lighter products.

3.2.3. Scanning Electron Microscopy

In principle, the SEM images confirm the results of light microscopy (Figures A6 and A7).
Nevertheless, there are decisive advantages when observing the material with SEM, both at a
low magnification of 100 and at a higher magnification of 1000.

In SEM images with a magnification of 100 (Figures A6 and A7), the surface is rep-
resented as sharper and the imaging of backscattered electrons makes it easier to detect
cracks. When evaluating the light microscopy images, there was no difference in the thick
coating of CBL(1:1) on PET and PE. However, the SEM images show that the thick coating
layers on PE already showed small cracks and inhomogeneities before the GF treatment,
which was not the case with PET. Two reasons were identified for why coating on PE was
more challenging with the lacquer used. First, the surface tension of PE was lower than for
PET even after corona pre-treatment and the wetting and adhesion behavior of the aqueous
layer on PE might be different than on PET [47]. Second, the films were mechanically
stressed during the k-bar coating process. The k-bar was pressed with a force of 20N on
the film and the film was heated up to 60 °C for 3min. This mechanical stress affected
the PE film more than the rigid and temperature-stable PET film. During the coating or
drying, the PE film might be stretched and relaxed more than PET, leading to cracks before
GF treatment.

When the cracks and holes become bigger and their number is increasing after GF
treatment, they can also be identified also light microscopy. The SEM images after GF
treatment confirm the findings made with light microscopy. It is therefore concluded that
the influence of the GF treatment on the coating layer can be identified quickly with light
microscopy and the elaborated sample preparation for SEM is not necessary. For a detailed
investigation of the surface, however, the SEM images with a magnification of 100 are
useful since they provide additional information.
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An increase of the SEM magnification to 1000x led to another observation shown
in Figure 4. The dried surface of the CBL lacquer featured in an increasing number of
craters and holes compared to increasing wet coating layer thickness. These craters and
holes appeared during the drying process for the following reasons. The CBL layers
contain microbubbles of air that are incorporated in the wet coating layer. During the
drying process, the thermal expansion of these air bubbles is larger by a factor of 1000 than
the thermal expansion of the dried lacquer. Therefore, the craters and holes come from
bursting air bubbles during drying [48]. The thinner the wet coating layer is, the higher the
probability for these bubbles to be sheared off or pushed along the k-bar bead. Hence, there
are more air bubbles incorporated in the thick wet coating layers and consecutively more
craters and holes in the dried CBL layer for thicker coating layers. The cross-section image
of such a crater shows that the substrate is still completely coated, meaning that the air
bubble is not causing a hole through the whole coating layer, but the coating thickness is
distinctly decreased at the bottom of those craters, potentially leading to a decrease in gas
barrier performance. This phenomenon was only observed with the higher magnification
that was available during SEM investigation and would not have been recognized only
with light microscopy.

y e
.~ embedding
compound

coating
layer

PET
substrate

i
— ipm  FhG-IVV 1/29/2024
x10,000 1.50kV LED SEM WD 4.0mm 14:49:14

(a) PET | CBL(1:1)-20 top view (b) PET | CBL(1:1)-20 cross-section

Figure 4. Scanning electron microscopy image of the surface of the dried CBL(1:1) lacquer coated on
PET (left) with a wet layer thickness of 20 ym with a magnification of 1000. (Right) Cross-section
SEM image of the same sample, including a crater induced by an air bubble.

3.2.4. Helium Barrier
Figure 5A shows the helium permeance of the uncoated and coated PET film. The
cm® (STP)
X m?dbar °
52 sz(ip) when the PET film is coated with the thinnest layer of CBL(1:1) having a dry
m? dbar

thickness of 0.8 pum. An increase in the coating layer thickness to 5.9 um decreases the

3
helium permeance to 6.5 %. Further increases in the layer thickness did not lead

to further barrier improvements, probably because the amount of inhomogeneities like
the craters shown in Section 3.2.3 reached a critical level for the layer thickness of 7.3 pm.
Conversion to the permeability coefficient confirms the inversely proportional dependence
of the permeance on the layer thickness (Table 2). A constant permeability coefficient of 38

cm® (STP) ym . . . . . ..
to 41 =~ is obtained for coating thicknesses from 0.8 to 5.9 um. This value is in the

same range as a previously reported value on PET for the same lacquer [26]. Consequently,

the permeability coefficient obtained for a 7.3 pm thick layer does not match these and, for

3
the reasons given, is 55 ST (SIP)um
m? dbar

uncoated PET film exhibits a He permeance of 1816 This value decreases to
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Figure 5. Helium permeance of the PET (A) and PE (B) control films and the films coated with
CBL(1:1) in different layer thicknesses. The measurement was performed initially, after defined
buckling, and after 10 cycles of Gelbo-Flex treatment. The respective permeability coefficients of the
coating layers normalized to a layer thickness of 1 um are shown in Figure A9.

After defined buckling, the permeance increased for the coated films, while the buck-
ling had no influence on the permeance of the control film. The increase in permeance,

which is synonymous with a deterioration of the gas barrier, is more pronounced the thicker
cm? (STP) .
“Zdpa: for the thin
7 cm? (STP)
m? dbar

the coating is. While the permeance only changes by 22% from 52 to 64

coating (0.8 um), the permeance changes by more than 4.5 times from 6.5 to 3 for
the thicker coating (5.9 pm).

The permeance of the control film was not affected by the GF treatment, but the per-
meance of the coated films. Since the GF treatment subjects the films to greater mechanical

stress than the defined buckling, this was to be expected. The thin and medium-thick
CBL(1:1) coating exhibited a permeance of 284 and 258 Czic(iisg;), respectively, which is
at least distinctly below the value for the uncoated film. The GF treatment of the two
thicker coatings led to a situation where the effect of the coating layer was gone. This
was expected due to the macro holes and the delamination of the coating layer seen in the
optical investigation.

Figure 5B shows the helium permeance of the uncoated and coated PE film. The
permeance of the uncoated PE film is 14.152 Crmnjéisk"’l";), which was not changed by the
mechanical treatment via buckling or GF. As in the coating with CBL(1:1) on PET, the He
permeance decreases with increasing coating layer thickness. However, the He permeability
coefficients of the coating layers are by two orders of magnitude higher for PE films

compared to the PET films. For example, the CBL(1:1)-40 coating exhibited a value of
3 3
39 < SIPIum 1 PET but 6366 % on PE. The reason for this is that even if the

2

ValueII}o(i‘b’?ﬁe gas barrier is mainly determined by the coating layer and not the substrate,
the coating performs differently depending on the substrate. Li et al. [41], for example,
showed that when PP and PA films are coated with cellulose nanocrystals, the permeability
coefficient of the coating is higher by a factor of 127 (also two orders of magnitude) for PP
than for PA. There are many reasons for this. The permeability depends on the roughness
of the film, the interaction of the coating with the surface, the adhesion of the coating to the
surface, the crystallization behavior, and the flow behavior of the lacquer on the film. In
addition, it was shown in Section 3.1 that the PE film has a higher elongation and a lower
stiffness compared to the PET film. During the coating and drying process and after the
handling of the coated films, the coating layer is exposed to mechanical stresses that are
better resisted by the PET film. This is, for example, indicated by the SEM images of the PE
coated with 7.2 and 9.3 pm CBL(1:1), where already the non-treated films showed some
defects, which was not the case for similarly coated PET.
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A comparison of the performance of the CBL(1:1) coating on PET and PE after mechan-
ical treatment shows the following. The coating layer on the PE film resists the mechanical
treatment better due to a lower loss of barrier performance, and after defined buckling, the
He permeance is close to the initial values before mechanical treatment for all coating layer
thicknesses. This is also true for the treatment with GF for the thin and medium thickness
layers. The He permeance only increases significantly after the GF treatment for the thicker
coating layers, but does not reach the initial values of the uncoated PE control film. The
coating layers on the PE film are therefore more resistant to mechanical treatment. Due to
the mechanical properties of PE, which is less rigid than PET, the stresses are distributed
more homogeneously across the coating layer, resulting in fewer defects.

Regarding the coating layer thickness, it is concluded that for a coating with CBL(1:1),
a thin coating layer is suggested, since it withstands the mechanical stresses better than
thicker coating layers independently from the substrate.

3.3. Effect of Fraction of Montmorillonite
3.3.1. Dry Coating Layer Thickness

To investigate the effect of the MMT fraction on the buckling behavior, all lacquers
shown in this section were coated with a k-bar giving a wet layer thickness of 40 pm and
had a total solid content of 8 wt%. This would theoretically result in the same coating
thickness. As shown in Table 3, this was not the case, since the k-bar coating is considered
to be self-metered (Section 3.2.1). Applying the PVA(1:0) lacquer led to coating thicknesses
of 3.9 and 4.8 pm on PET and PE, respectively. The addition of MMT to a mixing ratio of 2:1
led to layer thicknesses of 3.1 and 4.4 pm on PET and PE. A further increase in MMT content
to a mixing ratio of 1:1 finally led to thicknesses of 2.7 and 4.1 pm, respectively. Hence, an
increasing amount of MMT led to a slightly decreasing layer thickness. Since the mixing
ratio of PVA and MMT is adjusted in weight, but the density of MMT (2.86 %) differs

from the density of PVA (1.32 ;%), this was to be expected. Nevertheless, the differences in
final coating layer thicknesses were only marginal compared to Section 3.2, explaining why

the findings in this section are related to the difference in the lacquer formulations.

Table 3. Thickness values and helium permeability coefficients of the coating layers with different
MMT fractions on polyethylene terephthalate (PET) and polyethylene (PE).

Sample Code

Thickness pm

Permeability Coefficient Permeability Coefficient

Sample Code  Thickness um
cm? (STP) pm cmS!STP}pm
m?dbar m?dbar

PET | PVA(1:0)-40
PET | CBL(2:1)-40
PET | CBL(1:1)-40

39+02 1.5 x 103 + 4.0 x 10! PE | PVA(1:0)-40 48403 2.5 x 10* £+ 2.1 x 102
31+04 1.7 x 102 £ 5.9 PE | CBL(2:1)-40 44+06 1.2 x 10* £ 1.7 x 10?
27 +04 39x 10! +£2.1 PE | CBL(1:1)-40 41+06 6.4 x 10% £+ 1.7 x 102

3.3.2. Light Microscopy with Stereo and Differential Interference Contrast Microscope

Figure 6 shows the effect of the mixing ratio on the morphology of the coating layers
on PET after 10 cycles of GF treatment. The PVA(1:0) coating layer showed a small area
of tension indicated by the rainbow-colored area coming from the light refraction around
the kink. The CBL(1:1) coating layer, on the other side, shows larger areas of mechanical
stresses and a higher amount of kinks and crinkles. As expected after the investigation in
Section 3.2, no holes were observed for coatings with 40 pm on PET, neither for the most
flexible PVA(1:0) nor for the most rigid CBL(1:1). The addition of MMT to PVA increased
the stiffness of the coating layer [49]. In this case, increased stiffness or a higher Young'’s
Modulus is accompanied by reduced elongation (ductility), which means that the forces
that occur during mechanical stresses are less well distributed, resulting in more tension
areas and cracks. This increased stiffness is directly displayed in the DIC microscopy
images of the coating layers. With increasing MMT amount, the amount and size of tension
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areas in the coating layers on PET increase. The images with the stereo microscope before
and after GF treatment show a slight increase in roughness before and after GF treatment,
but for identifying tensions in the substrate and the coating layer, DIC microscopy is
better suited.

(a) PET I PVA(1:0)-40 after 10 cycles GF (b) PET | CBL(1:1)-40 after 10 cycles GF

Figure 6. DIC microscope images of the PVA(1:0) and CBL(1:1) coatings on PET after 10 cycles of
Gelbo-Flex treatment. The whole series of images with coatings of all formulations on PET before
and after Gelbo-Flex treatment is shown in Figure A10 for the stereo microscope and in Figure A11
for the DIC microscope.

The effect of the MMT fraction on the morphology of the coating layers after the GF
treatment on PE is shown in Figure 7. Similar to the investigation of different coating
thicknesses in Section 3.2, no rainbow-colored tension lines were observed for the coated
PE films. However, the increasing amount of black areas with increasing MMT amount
in the formulation confirmed the findings for the coating formulation made on PET: the
higher the MMT amount, the higher the stiffness of the coating layer, and a higher stiffness
in the coating layer leads to less resistance against the GF treatment. The images taken with
the stereo microscope showed a delamination behavior of the PVA(1:0) coating layer on PE
after GF treatment. The phenomena of the better adhesion of PVA to PET compared to PE
was described in Section 3.2.4.

(a) PEIPVA(1:0)-40 after 10 cycles GF (b) PE | CBL(1:1)-40 after 10 cycles GF

Figure 7. DIC microscope images of the PVA(1:0) and CBL(1:1) coatings on PE after 10 cycles of
Gelbo-Flex treatment. The whole series of images with coatings of all formulations on PE before and
after Gelbo-Flex treatment is shown in Figure A12 for the stereo microscope and in Figure A13 for the
DIC microscope.

3.3.3. Scanning Electron Microscopy

As with our investigations into the influence of layer thickness and into the MMT
fraction, the coating surfaces were investigated with SEM (Figures Al4 and A15). A
magnification of 100 was used to have an overview of a greater area to see crinkles, kinks,
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and cracks, which would have been lost without a detailed magnification. The SEM images
confirmed the findings from optical microscopy. An addition of MMT to the CBL led to
an increased surface roughness. The wet coating layer thickness of 40 pm did not lead to
visible cracks or holes in the case of both control films after GF treatment.

Figure A16 shows the PET films coated with the three lacquer formulations, PVA(1:0),
CBL(2:1), and CBL(1:1), before GF treatment with a magnification of 1000. Similar to the
previous investigation of the coating layer thickness, occurring craters and holes now
became visible. It has been shown previously that the viscosity of the lacquers increases
with increasing MMT content [50,51]. The increased viscosity led to reduced mobility of the
micro air bubbles. The SEM images confirmed this expectation. Whereas the PVA coating
layer was quite smooth with only a few inhomogeneities, the number of craters and holes
increases with increasing MMT content.

3.3.4. Helium Barrier

Figure 8A shows the helium permeance of the coated PET films with different lacquer
formulations. As expected, the barrier performance of the coating layer was improved
by the addition of MMT particles [22,25]. The permeability coefficient of the pure PVA

em® (STP)

3
coating on PET was 1546 — dbafm' It decreased to 165 and 39 % for the lacquers

CBL(2:1) and CBL(1:1), respectively. This is an improvement factor of 40 for an integration
of 50 wt% MMT compared to a pure PVA layer.

A) [ initial [0 after defined buckling [[] after Gelbo-Flex B) [E initial after defined buckling [[] after Gelbo-Flex

1E+3 o 1E+4 &

1E+2

He permeance /cm*(STP)/(m*d-bar)
He permeance /cm*(STP)/(m?-d-bar)

1E+1 - 1E+3 -

4

) )
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<Q ?‘"

Figure 8. Helium permeance of the PET (A) and PE (B) control films and the films coated with
a constant wet layer thickness with lacquers varying in MMT fraction. The measurement was
performed initially, after defined buckling, and after 10 cycles of Gelbo-Flex treatment. The respective
permeability coefficients of the coating layers normalized to a layer thickness of 1 um are shown in
Figure A17.

After mechanical treatment with defined buckling and GF, the values for the helium
permeance changed as expected. The barrier property of the most elastic coating, the
pure PVA coating layer, was not affected distinctly by the mechanical treatment. One
result which is valid for this coating and for all other coatings and even the control films
themselves is that the standard deviation of the GF treated samples was always higher
than for the samples that had been defined buckled. This is the main disadvantage of
the GF treatment. It leads to strongly deviating individual measurement values, since
the mechanical stress from treatment to treatment cannot be reproduced exactly enough.
With increasing MMT amount, the coating layer became more sensitive to the mechanical
stresses, again with a stronger effect of the GF treatment than the defined buckling. The

helium permeance of the PET | CBL(2:1) sample changed from 55 to 65 e (STP) o frer defined

m? d bar

buckling but to 171 sz(ﬂ after 10 cycles of GF treatment. The loss in barrier performance
m? dbar
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was even more pronounced for the PET | CBL(1:1) sample where the helium permeance

changed from 15 to 258 Cﬁz c(ista I;) after 10 cycles of GF treatment. Hence, the results from
the helium barrier investigation confirm the findings from Sections 3.3.2 and 3.3.3, where
CBL(1:1) turned out to be the most rigid coating layer with the most significant changes
after GF treatment.

Figure 8B shows the helium permeance of the coated PE films with different lacquer
formulations. Similar to PET as substrate, the helium barrier decreases with increasing
MMT amount. However, as already mentioned in Section 3.2.4, the permeability coefficients

of the coating layer differ distinctly whether they are applied on PET or on PE. On PE, the
permeability coefficient of the pure PVA coating layer is 25,522 em’ (STP) um
m? d bar

12,455 and 6366 m;% for lacquers CBL(2:1) and CBL(1:1), respectively.
Comparing the values for the helium permeance after mechanical treatment shows
that the barrier performance of the coating layers on PE was distinctly less influenced by

the mechanical stresses. The reasons therefor have already been given in Section 3.2.

and changes to

3.3.5. Ink Test

In typical liquid penetrant testing, the capillary attraction forces the penetrant to
enter in the opening of defects [52]. In this analysis, PET and PE control films coated with
PVA(1:0) and CBL(2:1) were treated with 3 and 10 cycles GF, respectively. Afterward, the
treated samples were marked with the ink and were rested for 10 min. Images taken with
the DIC microscope are shown in Figure 9.

(a) PET | CBL(2:1)-40 after 10 cycles GF (b) PE | CBL(2:1)-40 after 10 cycles GF

Figure 9. Two samples investigated with the ink test. The ink is the green (left) and blue (right) lines
on the bottom of the images and penetrates the cracks induced by the GF treatment. The whole series
of images is shown in Figure A18.

The green and blue lines are the ink lines made with a marker. It was observed that
the capillary forces that pull the ink into the cracks were stronger for samples treated with
10 cycles of GF than for samples treated only with 3 cycles. It was visible that the blue
colored ink was penetrating in the direction of the crack after 10 cycles. This observation
was only made with the ink test and not with the previously performed microscope images.
Therefore, the ink test is in specific cases a reliable option to investigate crack formation
after buckling.

4. Conclusions

This study adds additional knowledge to the topic of the mechanical stress resistance
of coated polymer films. PET and PE films were coated with composite barrier lacquers
comprising PVA and MMT.

It was found that optical microscopy is suited to investigate the influence of mechani-
cal stresses arising by defined buckling and GF treatment in barrier coating layers. Stereo
microscopy turned out to be preferred for identifying holes, delamination, and roughness
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of the coating surface. DIC microscopy in combination with polarized light turned out to
allow for seeing arising tensions (due to mechanical treatment) in the polymer films and
coating layers by areas appearing in rainbow colors due to light refraction. This offered the
possibility of seeing defects in coated films even before delamination. Since the examination
with the light microscopes worked with transparent PVA, it can be assumed that this exam-
ination option can be applied to many lacquer and composite lacquer systems. The main
limitation will be the layer thickness of the coatings, because layers that are too thin may not
be clearly distinguishable from the substrate, and layers that are too thick or free-standing
films will show very large macrodefects after mechanical stress, which may be visible to the
naked eye. The SEM images required more time to be prepared and confirmed the findings
from the optical microscopy at a magnification of 100. An increase in magnification to
1000 established the possibility of investigating the curing phenomena of microbubbles
leading to craters in the dried coating layer. Helium permeability measurement confirmed
the expected barrier performance of films after GF treatment.

Firstly, two trends were observed independently of the substrate. On the one hand,
the helium permeance decreased with increasing thickness of the composite barrier layer.
On the other hand, increasing the MMT content of the composite barrier layer decreased
the helium permeance. Secondly, it was found that the permeability coefficients of coating
layers varied depending on the substrate. For a similarly applied lacquer, the helium
permeability coefficient on PET is two orders of magnitude lower than on PE. For the PVA

reference coating, this gave a helium permeability coefficient of 1546 w on PET
g g p y m? d bar

and 25,522 % on PE. Due to its lower elasticity, the PET film is not as resistant
to mechanical treatment as the PE film. For example, for a coating with CBL (1:1), the
helium permeability coefficient on PET increased by 1500% after 10 cycles of GF, while
the permeability coefficient on PE increased by only 10%. Halving the amount of MMT
resulted in only a 191% increase in the permeability coefficient on PET after GF treatment.
For a reference coating of pure PVA, the increase in permeability coefficient on PET after
GF treatment was only 10%.

Ultimately, a compromise will have to be found for future applications. To achieve
the highest possible gas barrier, a thick coating and a high MMT content in the coating
layer are desirable. To achieve the highest possible buckling resistance of the coating and
thus the packaging, a low MMT content and the thinnest possible coating are advisable.
Depending on the product to be packaged and the packaging design, a balance must be
struck between these two tendencies in order to find a suitable solution.
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Appendix A. Effect of Coating Layer Thickness

Appendix A.1. Surface Images of Uncoated Control Films

(a) PET-control (b) PET-control

(c) PE-control (d) PE-control

L

(e) SEM image of PET-control (f) SEM image of PE-control

Figure Al. Stereo microscope, DIC microscope, and SEM images of uncoated PET and PE con-
trol films.
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Appendix A.2. Stereo and Differential Interference Contrast Microscope Images of Coated PET

(a) PET | CBL(1:1)-20

-

(c) PET | CBL(1:1)-40 (d) PET | CBL(1:1)-40-GF

(e) PET | CBL(1:1)-80 (f) PET | CBL(1:1)-80-GF

(g) PET| CBL(1:1)-130 (h) PET | CBL(1:1)-130-GF

Figure A2. Stereo microscopy images of the PET films coated with different layer thicknesses of
CBL(1:1) before and after Gelbo-Flex treatment.
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(a) PET | CBL(1:1)-20 (b) PET | CBL(1:1)-20-GF

(c) PET | CBL(1:1)-40 (d) PET | CBL(1:1)-40-GF

(e) PET | CBL(1:1)-80 (f) PET | CBL(1:1)-80-GF

() PET | CBL(1:1)-130 (h) PET | CBL(1:1)-130-GF

Figure A3. DIC microscopy images of the PET films coated with different layer thicknesses of CBL(1:1)

before and after Gelbo-Flex treatment.
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Appendix A.3. Stereo and Differential Interference Contrast Microscope Images of Coated PE

(c) PEI CBL(1:1)-40 (d) PE | CBL(1:1)-40-GF

(e) PE| CBL(1:1)-80 (f) PE | CBL(1:1)-80-GF

(g) PE | CBL(1:1)-130 (h) PE | CBL(1:1)-130-GF

Figure A4. Stereo microscopy images of the PE films coated with different layer thicknesses of
CBL(1:1) before and after Gelbo-Flex treatment.
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(a) PE| CBL(1:1)-20 (b) PE | CBL(1:1)-20-GF

(c) PEI CBL(1:1)-40 (d) PE | CBL(1:1)-40-GF

(e) PE | CBL(1:1)-80 (f) PE | CBL(1:1)-80-GF

(g) PEICBL(1:1)-130 (h) PE | CBL(1:1)-130-GF

Figure A5. DIC microscopy images of the PE films coated with different layer thicknesses of CBL(1:1)

before and after Gelbo-Flex treatment.
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Appendix A.4. SEM Images of the Coated PET and PE Control Films

(a) PET | CBL(1:1)-20 (b) PET | CBL(1:1)-20-GF

(c) PET | CBL(1:1)-40 (d) PE| CBL(1:1)-40-GF

() PET| CBL(1:1)-130 (h) PET | CBL(1:1)-130-GF

Figure A6. SEM images of the PET films coated with different layer thicknesses of CBL(1:1) before
and after Gelbo-Flex treatment.
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(a) PE| CBL(1:1)-20 (b) PE | CBL(1:1)-20-GF

-

(c) PEI CBL(1:1)-40 (d) PE | CBL(1:1)-40-GF

(e) PE | CBL(1:1)-80 (f) PE | CBL(1:1)-80-GF

(g) PE | CBL(1:1)-130 (h) PE | CBL(1:1)-130-GF

Figure A7. SEM images of the PE films coated with different layer thicknesses of CBL(1:1) before and

after Gelbo-Flex treatment.
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(c) PET | CBL(1:1)-80 (d) PET | CBL(1:1)-130

Figure A8. SEM images with a magnification of 1000 of the PET film coated with CBL(1:1) for different
layer thicknesses.

Appendix A.5. Helium Permeability Coefficients of Coating Layers

A) [ initial [ after defined buckling [[Z] after Gelbo-Flex| B) [E initial [Z25] after defined buckling after Gelbo-Flex|
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Figure A9. Helium permeability coefficients for the coating layers on PET (A) and PE (B) calculated
with the values for the helium permeance (Figure 5) and the coating layer thicknesses (Table 2).
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Appendix B. Effect of Formulation
Appendix B.1. Stereo and Differential Interference Contrast Microscope Images of Coated PET

(e) PET |CBL(1:1)-40 (f) PET | CBL(1:1)-40 after 10 cycles GF

Figure A10. Stereo microscopy images of the PET films coated with lacquers with different formula-
tions before and after Gelbo-Flex treatment.

(a) PET | PVA(1:0)-40 (b) PET | PVA(1:0)-40 after 10 cycles GF

Figure A11. Cont.
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(c) PET | CBL(2:1)-40 (d) PET | CBL(2:1)-40 after 10 cycles GF

(e) PET | CBL(1:1)-40 (f) PET | CBL(1:1)-40 after 10 cycles GF

Figure A11. DIC microscopy images of the PET films coated with lacquers with different formulations
before and after Gelbo-Flex treatment.

Appendix B.2. Stereo and Differential Interference Contrast Microscope Images of Coated PE

(c) PE | CBL(2:1)-40

Figure A12. Cont.
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(e) PE| CBL(1:1)-40 (f) PE | CBL(1:1)-40 after 10 cycles GF

Figure A12. Stereo microscopy images of the PE films coated with lacquers with different formulations
before and after Gelbo-Flex treatment.

(a) PEIPVA(1:0)-40 (b) PE | PVA(1:0)-40 after 10 cycles GF

(c) PEI CBL(2:1)-40 (d) PE | CBL(2:1)-40 after 10 cycles GF

(e) PEICBL(1:1)-40 (f) PE1CBL(1:1)-40 after 10 cycles GF

Figure A13. DIC microscopy images of the PE films coated with lacquers with different formulations
before and after Gelbo-Flex treatment.
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Appendix B.3. SEM Images of the Coated PET and PE Control Films

(a) PET | PVA(1:0)-40

(c) PET |CBL(2:1)-40 (d) PET | CBL(2:1)-40 after 10 cycles GF

7

(e) PET | CBL(1:1)-40 (f) PE1CBL(1:1)-40 after 10 cycles GF

Figure A14. SEM images of the PET films coated with lacquers with different formulations before
and after Gelbo-Flex treatment.

(a) PEIPVA(1:0)-40 (b) PE | PVA(1:0)-40 after 10 cycles GF

Figure A15. Cont.
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(e) PE| CBL(1:1)-40 (f) PE | CBL(1:1)-40 after 10 cycles GF

Figure A15. SEM images of the PE films coated with lacquers with different formulations before and
after Gelbo-Flex treatment.

(a) PET | PVA(1:0)-40 with 1000 (b) PET | CBL(2:1)-40 with 1000 x
magnification magnification

(c) PET | CBL(1:1)-40 with 1000 x
magnification
Figure A16. SEM images with a magnification of 1000 of the PET film coated with lacquers with
different formulations.
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Appendix B.4. Helium Permeability Coefficients of Coating Layers
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Figure A17. Helium permeability coefficients for the coating layers on PET (A) and PE (B) calculated

with the values for the helium permeance (Figure 8) and the coating layer thicknesses (Table 3).

Appendix B.5. DIC Microscopy Images of Ink Test

(a) PET | PVA(1:0)-40 after 3 cycles GF (b) PET | PVA(1:0)-40 after 10 cycles GF

(c) PET | CBL(2:1)-40 after 3 cycles GF (d) PET | CBL(2:1)-40 after 10 cycles GF

(e) PEIPVA(1:0)-40 after 3 cycles GF (f) PEIPVA(1:0)-40 after 10 cycles GF

Figure A18. Cont.
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(g) PE | CBL(2:1)-40 after 3 cycles GF (h) PE | CBL(2:1)-40 after 10 cycles GF

Figure A18. DIC microscope images of PET and PE coated with PVA(1:0) and CBL(2:1) after 3 and
10 cycles GF and marked with ink, repectively.
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