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Abstract

Embedding flexible electronic circuits into a sustainable polymer is an emerging and signif-
icant topic in the field of in-mold electronics (IME). Ensuring strong adhesion between the
flexible circuit and the molded polymer is critical for the durability of IME products. In this
study, three different types of etched copper polyimide (PI) foils were used as the substrate
of electronic components. Two bio-based and biodegradable polymers of polylactic acid
(PLA) and polyhydroxybutyrate (PHB) served as the overmolding material. Four different
surface pretreatments: drying, polydopamine (PDA) coating, PDA coating followed by ther-
mal treatment under vacuum, oxygen plasma, and 3-aminopropyltriethoxysilane (APTES)
were applied to the PI surface prior to the overmolding process to investigate the influence
on the adhesive strength. Additionally, a thermoplastic polyurethane (TPU) adhesive layer
was introduced via vacuum lamination to further improve adhesion. The main objective
of this study was to evaluate the adhesive strength between etched PI and overmolded
biopolymers before and after surface modifications. The loci of failure were analyzed using
scanning electron microscopy (SEM). The results indicate that laminated TPU is the most
effective approach for improving adhesion between polyimide foils and biopolymers.

Keywords: in-mold electronics (IME); adhesion; surface treatment; sustainable electronics;
polyimide; polylactic acid (PLA); polyhydroxybutyrate (PHB)

1. Introduction

The growing demand for lighter, more compact, and shapeable electronic devices
with simplified manufacturing has driven the development of technologies integrating
plastics and electronics. In-mold electronics (IME) is an emerging technology that enables
the integration of electronic functionality into polymer materials. The IME process consists
of four steps: patterning conductive traces on a flexible polymer carrier, component as-
sembly, thermoforming, and overmolding [1,2]. Manufacturing electronic parts with IME
technology requires less material and assembly effort compared to conventional methods
such as Laser Direct Structuring (LDS). Furthermore, this technology provides greater
design flexibility to create more sophisticated functional devices. Therefore, it is an easy
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and cost-effective approach. These advantages make IME highly attractive for a wide range
of applications, including automotive interiors, wearable electronics, household devices,
and medical applications [3].

Despite these advantages, IME presents sustainability and environmental challenges
like other electronic products. Typically, these hybrid electronics end up in the recycling
shredders or incinerators to recover the (precious) metals. However, recycling these hybrid
structures is highly energy-intensive due to the complex combination of polymers, fillers,
and metals, and the process often generates large amounts of greenhouse gases (GHG).
Moreover, a significant portion of them ends up in landfills, contributing to electronic waste
(e-waste) accumulation and creating environmental and health hazards [4,5].

One promising approach to reduce the environmental footprint of IME technology
is the replacement of petroleum-based polymers with biopolymers [6]. Since polymers
represent the largest fraction of e-waste, adopting biodegradable and bio-based materials
can significantly reduce long-term pollution and waste disposal issues [7]. Biopolymers
generally require fewer toxic additives during processing, making them safer for both the
environment and human health [8].

Biopolymers refer to polymers that are either bio-based and/or biodegradable. Bio-
based polymers are derived from renewable and biological sources, while conventional
polymer precursors are made from crude oil-derived molecules. On the other hand,
biodegradability refers to the polymer’s end of life, meaning that it can naturally de-
compose into non-toxic byproducts (e.g., water, CO,, and biomass) through microbial
activity [9]. Biodegradable polymers can be bio-based or petroleum-derived.

Over the past decades, various bio-based /biodegradable polymers have been devel-
oped and produced for different applications. Polylactic acid (PLA) is a popular thermo-
plastic polyester derived from renewable sources such as corn, sugarcane, etc. The starch or
sugar is fermented to produce lactic acid monomers. PLA is synthesized via polycondensa-
tion of lactic acid [10]. Its attractive properties, such as biocompatibility, biodegradability,
low shrinkage, and low processing temperature, made PLA a leading candidate for many
applications, such as food packaging [11] and biomedical materials [12]. Another well-
known bio-based and biodegradable polymer is polyhydroxybutyrate (PHB) [13]. In terms
of mechanical properties, PHB is generally stiffer and more brittle than PLA. The properties
of PHB are similar to those of several petroleum-derived polymers, such as polypropylene
(PP) and polyethylene (PE) (Table 1) [14,15]. Using PLA and PHB as overmolding materials
in IME offers potential benefits by reducing plastic waste, as they can be biodegraded in
nature or composted. Moreover, the overall CO; emission is reduced due to CO; absorption
during the plant (e.g., corn) growth [16].

Table 1. Properties of polymers (as an overmolding material).

Properties rr PE PLA PHB
Density (g/cm?) 0.91-0.94 0.9-0.97 1.25 1.23
Tensile Strength (MPa) 2040 10-30 21-60 2040
Elongation at Break (%) 3-700 90-700 3-30 5-8
Young’s Modulus (GPa) 1.5-2 0.2-1.0 3.04.0 3-35
Melting Point (°C) 160-170 105-135 150-180 165-175

The electronic functionality of IME devices is made using flexible polymer carriers.
Various polymer foils, including polyimide (PI), polyethylene terephthalate (PET), and
polyethylene naphthalate (PEN), have been used as substrates for flexible circuits. Among
them, PI stands out due to its excellent thermal stability, mechanical strength, chemical
resistance, and flexibility [17]. Furthermore, PI is compatible with standard printed circuit
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board (PCB) manufacturing and assembly technologies, allowing it to withstand harsh
chemical processes and high soldering temperatures (200-250 °C) [18].

To ensure the functionality and durability of IMEs, a strong interfacial bond between
the (etched) copper PI foil and overmolded biopolymers is crucial [19,20]. Adhesion
at the polymer—polymer interface is influenced by molecular interactions and surface
roughness [21,22]. Various physical and chemical treatments have been employed to
improve PI adhesion. Cen-Puc et al. investigated the effects of reactive ion etching and
chemical etching on PI adhesion performance [23].

Mashayekhi et al. demonstrated that a combination of plasma activation and adhesive
nanocoating using polydopamine can significantly improve adhesion between PI and PLA
in a sensor packaging context [24]. A recent study by Kafkopoulos et al. investigated the
role of annealing temperature on polydopamine-coated metal-PLA interfaces and showed
that a thermal posttreatment in vacuum at 50 °C results in increased interfacial energy
of adhesion. Higher temperatures lead to a decrease. This thermal treatment step allows
tuning the surface reactive chemical groups of the PDA and provides a certain control over
the adhesion [25]. These findings support the importance of PDA surface chemistry in
improving adhesion.

This study compares different surface treatment strategies to enhance adhesion be-
tween three commercially available PI foils (containing an adhesive layer) obtained after
complete Cu etching and overmolded biopolymers (PLA and PHB). The treatments studied
include the following:

drying the Pl in an oven;

polydopamine (PDA) coating;

polydopamine coating followed by thermal treatment at 50 °C in vacuum;
oxygen plasma surface activation;

treatment of the PI with a silane adhesion promoter;

IR S o

lamination of a TPU adhesive tie layer.

The general reasoning behind the surface modification treatments (two to five) is to
introduce amine and hydroxyl groups on the surface. These are able to react with the ester
groups present in each polymer unit of PLA and PHB during the overmolding, resulting in
a covalent bond between the modified foils and the overmolded polymer. Of course, other
chemical or physical interactions between the two materials can also be established.

Several surface analysis methods, including water contact angle (WCA), scanning
electron microscopy (SEM), and optical profilometry, were utilized to assess the effects of the
treatments on the wettability and roughness. Moreover, X-ray photoelectron spectroscopy
(XPS) was used to analyze surface chemical compositions of the PI foils before and after the
surface treatments. Finally, 180-degree peel tests were conducted to quantify and compare
adhesion performance.

2. Materials

In this study, three commercial Cu cladding PI foils have been used as starting sub-
strates. One of these foils is just a layer of PI and copper. Two of them, however, contain
three layers: PI, adhesive, and copper. The adhesive layer is intended to bond the PI
and Cu layers. The layer compositions and thicknesses of the three foils are illustrated in
Table 2. The Upisel-N SR1220 (hereinafter referred to as Upisel) foil was purchased from
UBE Europe GmbH, Diisseldorf, Germany, the Pyralux FR9120R (hereinafter referred to as
Pyralux) was supplied by DuPont, DE, USA, and the Shengyi SF305R (hereinafter referred
to as Shengyi) was obtained from SYTECH (China).
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Table 2. Build-up of the three Cu cladding PI foils used in this work [26].
Flexible Foil Layers Upisel-N SR1220 Pyralux FR9120R Shengyi SF305R
Polyimide (PI) 50 pm 50 pm 25 pm
Adhesive No adhesive layer 25 um acrylic-based adhesive 20 pm epoxy-based adhesive
Copper (Rolled-annealed) 18 pm 35 um 18 um

Typically, the largest area of the flexible circuit surface after copper patterning consists
of PI or adhesive on PIL Therefore, this study aims to evaluate the adhesion of PI foils
after complete etching of the Cu layer. To achieve this, the three foils were spray-etched
to remove all copper. The spray etcher used in this work is a Sprint 3000US, Windeck,
Germany. The etchant is a solution of CuCl,-2H,0 and HCl heated to 35 °C.

Concerning the overmolding material, PLA 3100HP was supplied by NatureWorks,
MN, USA, in pellet form. PHB P263E was purchased from Biomer, Schwalbach, Germany,
in pellet form.

The polydopamine coating solution consisted of phosphate-buffered saline (PBS)
P4417-50TAB (Sigma-Aldrich, MO, USA) and dopamine hydrochloride H8502-10G powder
(Sigma-Aldrich, Hessen, Germany). The adhesion promoter 3-aminopropyltriethoxysilane
(APTES) was purchased from Sigma-Aldrich (USA). The Bemis 3914 TPU tie layer with a
100 wm thickness was obtained from Bemis Associates Inc. (MA, USA).

3. Methods
3.1. Sample Preparation

Three etched foils overmolded by two different biopolymers resulted in six combina-
tions (Table 3). Considering the four different surface treatments studied in this research and
the corresponding pristine samples, there are 30 cases and 6 additional TPU-laminated cases.
For each case, three samples were prepared to ensure repeatability and reproducibility.

Table 3. Sample layers.

Layer 1. Etched Polyimide Foil Layer 2. Biopolymer
Upisel-N SR1220 PLA
Pyralux FR9120R PHB
Shengyi SF305R

An Engel 80T injection molding machine (Schwertberg, Austria) was used to make
the overmolded samples. It was performed by fixing the PI flexible foil into the mold,
followed by injecting the molten polymer over the foil. Before overmolding, the PLA and
PHB pellets were dried for 24 h at 60 °C in a FarrgTech dryer (Vienna, Austria) to remove
the moisture, preventing bubbles and/or air traps.

To conduct the experiment, the etched PI foils were cut into rectangles with dimensions
of 40 x 300 mm?, fitting in the mold. A rectangular aluminum mold with dimensions of
150 x 40 x 1.5 mm? was selected. The PI foils stick out of the mold to be able to perform
the peel tests. The process steps are shown in Figure 1.

To achieve a high-quality sample, the injection molding process parameters, such as
melting temperature, pressure, speed, and mold temperature, should be optimized for PLA
and PHB. The parameter optimization is explained in detail in another study [26]. After
adjusting the parameters, the pellets were poured into the hopper. At temperatures beyond
the melting point (Table 1), the biopolymer melts and flows in the barrel by the injection
screw. After the desired pressure is achieved, the molten biopolymer is injected into the
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mold cavity and flows over the inserted PI foil. After solidifying, the mold is opened, and
the overmolded foil is removed from the mold (Figure 1).

Upisel ( Upisel \ * Drying * Roughness
I I
¢ O2plasma * Surface
Pyralux Etching Pyralux Surface Surface Morphology
copper treatment | « polydopamine | characterization (SEM)
> I —_— —
* Polydopamine * Water
Shengyi Shengyi +vacuum Contact Angle
EE—————_—____ [
\ ) \ / * APTES * XPS
Copper
Adhesive
== Ppolyimide foil Overmolding by
biopolymer
Moving grip Molten biopolymer Pl flex foil Rectangular mold
Biopolymer
= PIfoil Peel test
— -> - L
PI foil Overmolding Bilayer
sample

i i insertion
| Fixed grip ejection

Figure 1. Schematic overview of sample fabrication using injection molding technology [26].

3.2. Surface Modifications

Five treatment methods were employed on three foils, including the following;:
drying in an oven at 120 °C,

deposition of PDA,

deposition of PDA followed by thermal treatment at 50 °C in vacuum,

mild oxygen plasma,
surface modification with APTES.

SAEER I

In addition to these treatments, a TPU film was laminated on the PI foil as an adhesive
tie layer. Overall, five different approaches were used to investigate the effectiveness of
each in bonding two dissimilar polymers. Note that the surface treatments were conducted
on the same day as the overmolding.

3.2.1. Drying

Prior to being placed in the mold, the foils were dried at 120 °C for 3 h in a FarrgTech
oven (Vienna, Austria) to remove all moisture and volatile contaminants.

3.2.2. PDA Coating

The PDA modification is performed as described by Lee et al. in 2007 [27]. A 1500 mL
10 mM TRIS buffer solution is prepared and adjusted to pH 8.5 with 0.1 M HCL Next,
the substrates are inserted into this solution. Then, 3 g of dopamine. HCl is added. The
mixture is kept in ambient air for 24 h. Finally, the modified samples are removed from the
solution and rinsed with DI water.

3.2.3. PDA Coating with Thermal Treatment in Vacuum

This modification follows the same procedure as Section 3.2.2, but includes an addi-
tional thermal treatment step at 50 °C in a vacuum oven [25].



Coatings 2025, 15, 1489

6 of 25

3.2.4. Plasma Activation

The PICO-Diener electronic GmbH & Co. KG system, Ebhausen, Germany, was used
for this purpose. The PI foils were exposed to O, gas (0.8 mbar) plasma for 2 min. The
power and frequency applied were 190 W and 40 kHz, respectively.

3.2.5. APTES Solution

Treatment of the PI surface with an APTES solution leads to the introduction of amino
groups on the PI surface. The APTES solution was prepared by adding APTES (1 v%) to DI
water and stirring for 1 min. Next, the PI foils were introduced in the APTES solution for
15 min, followed by a double rinse step in ethanol for 4 min. After drying with a N; gun,
the samples were finally placed in an oven at 120 °C for 10 min.

3.2.6. TPU Lamination

The TPU tie layer is typically used in the textile industry as an adhesive glue activated
by heat. A layer of TPU was laminated on the PI foil using a Lauffer RLKV 25 vacuum

laminating press, Horb am Neckar, Germany. The lamination pressure and temperature
profile are illustrated in Figure 2.

3

50 N/cm’J L

Pressure (N/cm?)

2 Time (min) ceied
S
g
L o,
£ 120°C
I
@
o
£ 50°C
ol
ot
7 Time (min) o 24

Figure 2. Pressure (top) and temperature (bottom) profile of the lamination process.

3.3. Surface Characterization
3.3.1. Static Water Contact Angle

The wettability of the PI foil surfaces before and after treatment was measured with a
water contact angle (WCA) goniometer (EasyDrop, Kriiss, Hamburg, Germany), using a
2 uL of distilled water droplet. For each (modified) foil, five measurements were performed
at random spots. The angle was calculated by the fitting software of the goniometer using
the circular fitting mode within 5-10 s after drop deposition.

3.3.2. Scanning Electron Microscopy

SEM analysis was performed to observe the loci of failure after peeling off the lay-
ers. Prior to analysis, the samples were coated with a thin gold layer (thickness of circa
20 nm) using a sputter coater (SPI, PA, USA). A JEOL JSM-5600 SEM (JEOL, Tokyo, Japan)
apparatus equipped with a secondary electron detector was used for SEM imaging. An
acceleration voltage of 5 kV was applied. The secondary electron images of the surface mi-
croroughness were obtained using a FEG SEM JEOL-7000F (JEOL, Japan). Prior to analyses,

the samples were coated with a thin gold layer as described above. An acceleration voltage
of 5 kV was applied.

3.3.3. Attenuated Total Reflection Fourier Transformed Infrared Spectroscopy (ATR-FTIR)

A Bruker Tensor 27 spectrometer equipped with a single reflection attenuated total
reflectance accessory (MIRacle, Pike technology, WI, USA) was used to perform FTIR
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analysis on the foils before and after modification, using a germanium crystal as the
internal reflection element. All spectra were acquired using a mercury cadmium telluride
(MCT) detector (liquid N, cooled) in the spectral region of 4000-700 cm~!, and 64 scans

1

with a resolution of 4 cm™" were made for each sample.

3.3.4. Optical Profilometry

The root mean square roughness (Rrys) values of the etched PI foils, before and
after the surface modifications, were measured using a Wyko NT3300 optical profilometer
(Veeco Instruments Inc., NY, USA). The white light vertical scanning interferometry (VSI)
mode was selected. Surface scans were performed over a 228 x 300 um? area. The Rrvs
values were calculated using the integrated Vision software, Bruker, MA, USA. Three
measurements are performed in three different areas at random locations.

3.3.5. X-Ray Photoelectron Spectroscopy

The surface chemical composition of the PI foils before and after treatment was
assessed by XPS analysis. Measurements were conducted using a PHI Versaprobe II
spectrometer (Physical Electronics, Japan) equipped with a monochromatic Al K X-ray
source (hv = 1486.6 eV) operating at 25 W and possessing a beam size of 100 pm. The
survey scans and high-resolution spectra were acquired with pass energies of 187.85 and
23.5 eV, respectively. All XPS measurements were conducted in a vacuum of at least 10~ Pa
with an angle of 45° between the sample surface and the analyzer. Four randomly selected
points on each sample surface were analyzed to ensure representative results. Survey scans
were processed using Multipak software (v 9.6), and Shirley backgrounds were applied
to determine the sample elemental compositions. Multipak software was also used for
curve-fitting of the high-resolution Cls peaks. To calibrate the energy scale, the C-C/C-H
peak within the Cls spectrum at 285.0 eV was used as a reference. The high-resolution
XPS peaks were then deconvoluted using Gaussian—Lorentzian peak shapes with a 1.4 eV
limitation of the full width at half maximum (FWHM). In general, the depth of information
for this surface analysis method was 5-10 nm for polymers.

3.3.6. Peel Test

The peel test is one of the most popular mechanical techniques for measuring the
adhesive strength between two layers. In this study, the 180-degree peel test was performed.
The overmolded samples (Section 3.1) were cut to a 30 mm width to avoid any edge effect.
The end of the biopolymer (rigid layer) was fixed to the fixed grip, and the unbonded end
of the PI foil (flexible layer) was fixed to the moving grip, as shown in Figure 3.

Moving
grip

Biopolymer
== PJ foil

Fixed grip

Figure 3. 180-peel test setup and schematic [26].
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The Instron 5543 universal testing machine (MA, USA) equipped with a 500 N load
cell was used to measure the peel strength at a crosshead speed of 10 mm /min. The peel
strength (expressed in N/mm) was determined by calculating the average force divided by
the sample width (30 mm).

3.4. Statistical Analysis

To statistically compare the results of our study, analysis methods such as the ¢-test
and ANOVA (one-sided) were employed. The analysis was performed to determine if there
is a significant difference between the means with one or more groups of (surface) foils. By
applying these tests, we were able to quantitatively assess the impact of our experimental
conditions on WCA values, atomic concentrations from XPS, roughness (Rrys), and peel
test results.

The results provided us with a p-value indicating the probability that the observed
differences between the group means occurred by random chance. A p-value of less than
0.05 was considered statistically significant.

4. Results and Discussion
4.1. Introduction

The aim of the surface modifications is to chemically bond the overmolded PLA
and PHB to the surfaces of the copper-etched foils (pristine foils) by several modification
methods. This potentially leads to an increased adhesion towards overmolded biopolymers.
PLA and PHB contain ester bonds as a linkage between the monomers (Figure 4). The
end groups of the PLA and PHB contain carboxylic acid groups. In the presence of water
at elevated temperatures, the ester groups of PLA and PHB can hydrolyse and result in
additional carboxylic ester groups. Both primary amine and hydroxyl-containing molecules
can react with these carboxylic groups to form amide linkages between modified surfaces
and overmolded PLA at the interface [28]. It must be mentioned that amine groups are
better nucleophiles compared to hydroxyl groups. The PDA coating (including vacuum-
treated) contains primary amines and catechol groups [28], the APTES modified surface
contains a primary amine, and the O, plasma-treated surfaces contain hydroxyl groups.
It is obvious that other chemical and physical interactions (e.g., hydrogen bridges) can be
formed at the interface of the modified surfaces and the overmolded PLA or PHB.

(6] CHs (0]
HO (0]
PLA 0 OH
CHs OJn CH3
CHs 0 CH3 (0] CHs 0}
PHB )\/”\
HO (0] 0] OH
n
0} (o}
n
o) o]

Figure 4. Chemical structure of PLA, PHB, and BPDA-PDA (The * indicates the linkage points to
neighboring units in the polymer chain).
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In the results and discussion part, ATR-IR is used to determine the chemical polymer
composition of the adhesives or PI on top of the PI foils after Cu etching in Section 4.2.
Next, the non-treated and modified surfaces of the etched polymer foils are characterized
in terms of surface composition and surface morphology in Section 4.3. In the final section,
the influence on the adhesive strength toward overmolded PLA and PHB is evaluated and
compared with the addition of a TPU layer on the etched foils prior to overmolding.

4.2. Infrared Analyses of the Pristine Cu Etched Surfaces

Infrared spectroscopy is performed on all pristine samples to examine the chemical
composition after etching the Cu. The infrared spectra are provided in Figures S1-53.
Because these foils are commercial products, the exact chemical composition of the top
layer on the foils is very ill-defined. Nevertheless, it is possible to extract the main chemical
building blocks into the adhesive layers of PI in the top layers.

The Upisel foil contains no adhesive layer. Therefore, the top layer after Cu etching is
polyimide. The polyimide in Upisel foil consists of BPDA-PDA (poly(biphenyl dianhydride-
p-phenylenediamine)). The chemical structure of this Pl is illustrated in Figure 4. However,
a top layer (2-3 pm) of similar PI with lower Tg is present to enable the lamination of
Cu sheets onto this PI foil during production. The infrared spectrum of Upisel is shown
in Figure S1. Characteristic peaks for BPDA-PDA are observed, such as imide I peaks
(3074 cm~! (C-H str), 1774 cm ! (C=0 sym str) and 1709 cm~! (C=0 asym str)), 1504 cm~!
(aromatic C=C str), imide II peak at 1376 em ! (C-N str), imide ITI peaks (1113 cm ! and
1081 cm~! (C-H bends)), and the imide IV peak at 736 cm~! (C=0 bend) [29-31].

The Pyralux foil contains an acrylic adhesive on top. The infrared spectrum is dis-
played in Figure S2. Clear peaks from an acrylic polymer are observed at 2961 cm ! (C-H
asym str from -CHj), 2957 cm ™! (C-H asym str from -CH3), 2874 cm~! (C-H sym or asym
str from -CH2- or -CH3), 1725 cm~! (C=0 sym str), 1447 cm~! (C-H bend), and 1164 cm ™!
(C-O-C str). Furthermore, a sharp small peak at 2242 cm~! indicates the presence of a nitrile
group (C=N str), possibly due to the presence of a small amount of PAN (polyacrylonitrile)
in the acrylic adhesive [32,33]. Furthermore, a peak at 1615 cm ! (C=N str) can be assigned
to the thermal cyclization of PAN, probably during the copper lamination in the fabrication
process [34]. Finally, the presence of nitrogen in the XPS analysis also supports this.

The ShengYi foil is composed of a PI foil with an epoxy layer on top. The infrared
spectrum in Figure S3 shows that it contains bisphenol A and glycidyl units. The so-called
DGEBA type of epoxy resins [35-37]. The broad peak between 3200 and 3600 cm ™! can be
assigned to O-H and N-H str. The methyl groups on the bisphenol A are visible through
the C-H asym str and C-H sym str at 2963 cm~! and 2880 cm ™!, respectively [38]. The
other peaks in this area can be attributed to C-H asym str (2927 cm~!) and C-H sym str
(2840 cm 1) from -CHj- units. The C-H bend vibrations from show bands at 1455 cm ™!
(twisting modes of -CH,- groups and O-H bend) and 1296 cm ! (C-H twisting and rocking).
The aromatic C=C str band at 1505 and 1598 cm ™! is typical for bisphenol A, together with
other peaks at 1238 cm ! (aromatic C-O-C str), 1182 cm~! (C-C str of the bridge carbons
between two para-phenyl groups), and 827 cm~! (aromatic C-H out of plane vibration) [35].
Furthermore, a small peak at 915 cm ! (C-O str, ring vibration) can be assigned to unreacted
epoxy groups [39]. Due to the presence of nitrogen in the XPS analysis (See Section 4.3.2),
it is likely that organic molecules containing multiple nitrogen functionalities are present
in this epoxy polymer. However, the nitrogen surface concentration obtained with XPS is
quite small (1.3 at. %), so it is also possible that polyols are used as a reagent for epoxy
polymer formation.
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4.3. Surface Characterization of the Surface Modifications
4.3.1. Roughness, Surface Morphology, and Water Contact Angle

The roughness values, obtained from measurements with an optical profilometer, for
each foil before and after the surface modifications are displayed in Table 4. To test if
there were significant changes after or between the modifications in terms of roughness, a
one-sided ANOVA test on the Rrys values was run for each foil type. The result is that
within each foil group, there is no significant difference (p < 0.05) between the modifications,
including the pristine foil.

Table 4. Average values + standard deviation (n = 9) of Rryps (nm) before and after modification of
the three foils.

PI Foil Upisel Pyralux Shengyi
Pristine 203 +5 334 + 34 304 +4
Plasma 206 + 5 339 +£32 302 +4
PDA 213 £6 327 £38 315 £12
PDA + Vacuum 204 £7 340 £ 25 307 £7
APTES 207 £5 331+ 29 306 +5

Not only are the roughness values obtained with an optical profilometer important, but
the surface microstructure of the foils after copper etching also shows important features
on a (sub)micron scale. In Figure 5, FEG SEM images of the Upisel, Shengyi, and Pyralux
after Cu etching (i.e., pristine surfaces prior to modification) are shown.

Upisel Pyralux Shengyi

2000x

10000x

50000x

Figure 5. FEG SEM images of the Upisel, Shengyi, and Pyralux after Cu etching (i.e., pristine surfaces
prior to modification).

Concerning the roughness of the pristine foils, it is important to mention that the
production of all the PI-Cu foils contains a hot lamination step of the Cu foil onto the
PI foils. This implies that the surface (micro)structures of the Cu foil are imprinted into
the lower Tg PI top layer (in case of Upisel) or adhesive layer (in case of Pyralux and
ShengYi) since the high-temperature vacuum laminations are performed above the glass
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transition temperature or melting temperature of the PI or adhesive layers. Therefore, the
surface microstructures after Cu etching depend on the microstructures present at the Cu
foils. All the PI-Cu foils used in this work are produced using RA (rolled annealed Cu
foils, typical for these flexible Cu-P1I foils. The main reason for using the RA copper is the
improved mechanical properties required for flexible applications [40]. The RA process
introduces micrograins (also on the surface) due to the recrystallization of the Cu after
thermal annealing. After this annealing process, a subsequent accumulative rolled (ARB)
bonding process results in the presence of ultrafine grains (UFG). Depending on the number
of ARB and thermal annealing cycles, the grain size can be reduced to submicron levels [40].

On the other hand, the Cu etchant solution used here to remove the Cu could also
chemically attack the polymer layers (PI or adhesive layers), leading to (micro)porous
structures. This depends on the chemical stability of the PI or adhesives against the etchant.
To investigate this, the etched Cu samples (Pyralux and Shengyi) were exposed to an
additional number of etching cycles (16 and 18 cycles). Note that the number of cycles
needed to completely etch the Cu for these substrates was 14 cycles. The roughness and
morphology did not change after increasing the etching cycles. This leads to the conclusion
that the origin of the microstructure and roughness is due to the lamination/imprinting
process during production of these foils as described above.

The surface microstructure of the pristine foils is shown in Figure 5, and the modified
foils are analyzed with FEG SEM. The images of the modified PDA and PDA + Vacuum
can be found in Figures S5-S8. On the pristine Upisel sample, regions with small (in-
terconnected) pores with a diameter between 25 and 50 nm can be observed. The pores
originate from chemical etching or from the imprinting of the Cu grain structure during
the lamination step in the manufacturing process, as discussed above. The pristine Pyralux
foils show a homogeneous porous surface structure. The pores are interconnected and have
a diameter between 0.2 and 1 um.

The pristine ShengYi foil contains two different areas. The first area shows a grain-sized
area (diameter of 25-100 nm) without pores. The other area contains a porous structure but
is still constructed of the same grains. The outcome of the surface microstructure analyses
also matches the RMS values of the pristine foils (see Table 4). The lowest RMS value is
found for the Upisel, followed by Pyralux and ShengYi.

After O, plasma and APTES treatment, there is no clear difference in the topography
noticed between the corresponding SEM images for all foils. The same trend is observed
for the Rryis values of the three pristine foils versus plasma and APTES treatment, as there
is no significant difference in the RRMS values before and after these modifications (see
Table 4).

As already described in the literature [41-43], the PDA coating consists of a thin
continuous layer originating from the adsorption of (poly)dopamine polymerization in
solution. Next to that, larger coagulated particles (up to 150 nm in diameter) are deposited
on the polymer surfaces. This can be attributed to particle formation and aggregation in
solution, followed by adsorption on the surface at longer deposition times (after 10 min) [41].
It must be mentioned that the thickness of the PDA film and the density of PDA aggregates
are influenced by the type of the target surface [44]. In this work, these aggregates are
observed together with (single) grape or round particles (maximum diameter around
50 nm) deposited on the surface and inside of the pores on the FEG SEM micrographs (see
Figures S5-58).

The WCA results before and after the modifications are displayed in Figure 6. In
general, the contact angle depends on the outermost chemical surface composition and
the surface roughness in the case of non-absorbing surfaces [45]. This means that if the
surface Rrys roughness values do not change significantly before and after modification,
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the difference between the WCA values before and after treatment can be mainly ascribed
to chemical changes in the outermost surface. From the quantitative roughness analyses
(see above Section 4.3.1), it is clear that the Rrys values do not change significantly after
modification. Therefore, the significant changes in WCA after the modifications can be
attributed to chemical changes in the outermost surface, assuming that no absorption of
the water takes place in the timeframe (5-10 s) of the WCA analyses.
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Figure 6. Water contact angles for pristine and treated PI foils. The reported values are the average
value out of five measurements. The error bars represent the standard deviation.

An average contact angle of 54.4 4 3.1° was obtained for the pristine Upisel foil.
However, pristine Pyralux and Shengyi foils show much higher average contact angles
(101.1 £ 1.4° and 93.9 +£ 3.3°, respectively), indicating hydrophobicity. As mentioned before
(Section 2), the top layer of the Pyralux and Shengyi foils is an acrylic and epoxy adhesive,
respectively. Through XPS analyses (Section 4.3.2), it became clear that the Upisel and the
Pyralux foils show CrOy on their surface. The evaporation of a thin layer of Cr on the
Cu foil (thickness of a few nm) is a common technique to improve the adhesion towards
polymer foils. Nevertheless, it is contradictory that the WCA of the Upisel foil is 54.4 4= 3.1°
and the Pyralux foil is 101 & 1.4°. The only valid conclusion is that the Pyralux foil surface
is contaminated [46]. Finally, the hydrophobic surface of the Shengyi foil (WCA = 93.9°)
also suggests contamination since this result is not expected for an epoxy-based material.
Probably, this contamination could be attributed to hydrocarbon contamination since the
oxygen plasma results in a decrease in the WCA to 36.3° combined with a decrease in the
carbon surface concentration determined by XPS (see Section 4.3.2).

The APTES modification of the Upisel foil results in an increase in the WCA from 54.4°
to 79.1°. In contrast, a decrease in the WCA from 93.9° to 74.8° is observed for Shengyi.
Both of these foils are hydrophilic after APTES treatment and show a contact angle of
around 75-80°. There is no significant difference (p < 0.05) in WCA after APTES treatment
of the Pyralux foil, and the surface remains hydrophobic.

The WCA is reduced for all three foils after oxygen plasma treatment. There is a
significant difference (p < 0.05) between WCA values before and after plasma treatment.
The lowest value was achieved for the plasma-treated Upisel foil, reaching a WCA value
of 11.4°. Plasma treatment with O, gas introduces oxygen-containing functional groups
such as carboxyl (-O-C=0), carbonyl (-C=0), and hydroxyl (-C-OH) on polymer surfaces.
Therefore, the contact angle of polymer surfaces is expected to decrease after oxygen plasma
treatment [47].
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After the PDA coating, a significant decrease in the contact angle was obtained for
all three foils. This could be attributed to the introduction of catechol, hydroquinone, and
several types of amine groups on the PI surface [48]. In this case, the WCA of the three foils
lies between 30° and 40°.

A comparison of WCA values and images before and after the performed surface
modifications is shown in Figure 7 for the Upisel foil as an example.

saas | G SR 11.4° I 79.0° I

Pristine Drying PDA Plasma

Figure 7. Images of WCA measurements for different surface treatments on Upisel foil.

It should be noted that plasma-treated samples are subject to hydrophobic recovery
(aging) over time due to the tendency of polymer segments containing hydrophobic groups
to reorient from the bulk to the surface of the polymer [49]. The foils were therefore
overmolded within 5 h after plasma treatment. As such, the WCA for all three foils was
remeasured 5 h after plasma treatment, resulting in WCA values of 13.4°, 55.1°, and 62.3°
for Upisel, Pyralux, and Shengyi, respectively. These values suggest that the foil’s surfaces
still remain hydrophilic before the overmolding step.

4.3.2. Evaluation of the Surface Chemical Compositions (XPS)

XPS analysis was used to evaluate and confirm the performed surface modifications.
The average elemental composition of the analyzed surfaces is summarized in Tables 5-7
for the three P1I foils.

Table 5. Elemental composition of Upisel foil surfaces with various treatments. Each value is
presented as an average value (n = 4) & standard deviation. * DL stands for detection limit.

Upisel Foil C (at. %) O (at. %) N (at. %) Si (at. %) Cr (at. %)
Pristine 389 +£1.0 45.0 £ 0.8 37+14 24+0.38 9.6 + 0.8
PDA 724 +£0.7 20.1£0.5 73£05 <DL * <DL
PDA + Vacuum 70.0 £ 0.7 21.6 £0.4 82405 <DL <DL
Plasma 36.5+1.2 47.1£0.6 46+15 33+038 85+1.1
APTES 349 £ 0.8 434 +1.8 50+07 5.6+ 0.6 11.7 £ 2.6

Table 6. Elemental composition of Pyralux foil surfaces with various treatments. Each value is
presented as an average value (n = 4) =+ standard deviation. * DL stands for detection limit.

Pyralux Foil Ct %)  Oft % Nt %) Sifat. %) Cr@t %) St %)

(Acrylic)
Pristine 487 +28 403+15 4.0+£08 <DL * 494+04 20+05
PDA 693+07 230+04 74+06 <DL <DL <DL
PDA + Vacuum  723+07 21.14+05 65+04 <DL <DL <DL
Plasma 375+14 500+£04 34+04 <DL 69+11 22+£03
APTES 504+04 368+06 53+10 18+06 47+04 09+0.3

Table 7. Elemental composition of Shengyi foil surfaces with various treatments. Each value is
presented as an average value (n = 4) & standard deviation. * DL stands for detection limit.

Shengyi Foil o o o . o o
(E pgg’xy) C (at. %) O (at. %) N (at. %) Si (at. %) S (at. %)
Pristine 76.1 +£ 0.6 212+ 1.0 13412 <DL * 0.6 +0.2

PDA 740 + 04 19.4 + 0.2 6.3+ 0.3 <DL 0.140.1
PDA + Vacuum 763 + 0.4 1834+ 0.2 54402 <DL <DL

Plasma 61.0 + 0.6 345 + 0.6 364 1.0 <DL 0.6 +0.2

APTES 718 +24 225404 32423 1.84+04 05404
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In addition to carbon, oxygen, and nitrogen being part of the chemical structure of
all three non-modified foil types, other elements such as chromium, silicon, and sulfur are
also present on some of the pristine PI foils. Chromium originates from evaporated Cr on
the backside of the Cu for Upisel and Pyralux. A thin layer (order of a few nanometers)
of Cr is deposited prior to the PI-Cu clad laminate fabrication process and is beneficial
for the adhesion between the Cu and the polymer foils. On the pristine samples, sulfur
(Pyralux and Shengyi) and silicon (Upisel) are also observed in small concentrations. These
elements are present in the (top) polymers. The presence of these elements in the bulk
polymers is also confirmed by energy dispersive spectroscopy on all pristine foils. As
a consequence, the presence of these elements in the XPS analyses can be assigned to
the inherent composition of the adhesives (Pyralux and Shengyi) or the top layer of the
PI (Upisel).

The curve-fitted C1s high-resolution spectra of the pristine and surface-treated PI
foils are presented in Figure 8, revealing the chemical status of the carbon atoms at the
surface. The table with relative individual contributions of the peaks after deconvolution
and integration can be found in the supporting info (Table S1).

The pristine Upisel Cls deconvoluted spectrum shows the presence of C-C/C-H/C=C,
C-N, and N-C=0 peaks, which are typical for an aromatic polyimide. The contribution
of the C-N peak is higher than expected. This could be attributed to additional C-O or
C-N presence due to organic contamination, minor decomposition products from the Cu
etching process, or incompletely cured BPDA-PDA. Finally, a small contribution of Si-C is
also observed.

The Pyralux foil contains an adhesive layer composed of acrylic resin and polyacry-
lonitrile (smaller fraction), as concluded from the ATR-FTIR results. This is confirmed by
the presence of C-C/C-H, C-O/C-N/C=N, C-O-C=0, and O-C=0 peaks. The presence
of nitrogen in the XPS analysis (see Table 5) can be attributed to polyacrylonitrile and
thermal cyclization products (created during production (i.e., hot lamination of Cu foil on
PI + adhesive foil) of polyacrylonitrile.

The Shengyi foil has an epoxy adhesive on top of the PL The presence of a C-C/C-H
and C-N/C-O peak confirms this.

To verify that the polydopamine is deposited on the surface, reference Si pieces were
added to the same modification protocols as for the foils. Both PDA and PDA + Vacuum
modifications on Si result in the addition of carbon, oxygen, and nitrogen on the samples’
surface (see Table 8). However, in both cases, Si is also detected. The N/C ratio for PDA
and PDA + Vac on Si is 0.12 in both cases. This is close to 0.125, the theoretical value for
PDA. The O/C ratio cannot be used here as a comparison because there is an additional
oxygen contribution from the top native SiOx layer on the modified Si pieces in the XPS
analysis results.

Table 8. Elemental composition of the silicon sample as a reference treated with PDA and PDA + vacuum.

Si Reference C (at. %) O (at. %) N (at. %) Si (at. %)
PDA 63.1 £0.3 219 +0.2 7.6 £0.6 74 £+ 0.6
PDA + Vacuum 599+14 224 +04 73+ 0.5 103 +1.1

As described in Section 4.3.2, the PDA forms a continuous homogeneous film with
adsorbed PDA aggregates on top. Together with the presence of Si in the XPS spectra,
this leads to the conclusion that the homogenous PDA film is thinner than the depth of
information of XPS (5-10 nm) on the PDA modified Si pieces.
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Figure 8. Deconvoluted high-resolution Cls spectra of the three foils before and after O, plasma,
PDA, PDA with vacuum, and APTES modifications.

The polydopamine modification is characterized by a significant increase in N con-
centration on the surface for all foils. Since, in this work, the polydopamine homogeneous
layers are thinner than the XPS depth of information of polymers (5-10 nm), the total XPS
surface elemental composition contains contributions of both the polydopamine and the
underlying polymer surface. As a consequence, the C/O/N ratio after PDA modification
cannot be compared with the theoretical C/O/N ratio of polydopamine. However, due to
the differences in the amount of the polydopamine aggregates on each foil substrate (See
Figures S5-58), the nitrogen increase after PDA modification can differ from foil to foil.

This is also reflected in the uniformity of the WCA values after PDA modification.
All three foils show WCA values between 35° and 45°, independent of their initial WCA
values. The relatively low standard deviations on each of the foils show that the PDA
modifications are quite uniform on a large scale.

For all foils, the curve fittings of the high-resolution C1s spectra after PDA modification
clearly show a change. However, due to the contribution of the underlying polymers, the
changes and contributions (C-H/C-C, C-O, C-N, and C=0 peaks) in these C1s spectra
cannot be assigned to polydopamine exclusively. The high-resolution C1s spectra of PDA
modified Si (see Figure S9) present in the same modification solution show good accordance
with spectra in the literature [50].

The evaluation of the XPS data for Upisel and Pyralux after oxygen plasma treatment
is not straightforward due to the presence of CrOy on the surface of these foils, assuming
the spontaneous oxidation of Cr to CrOx under ambient conditions after Cu etching. The
initial surface composition of both foils shows relatively lower amounts of carbon and
the presence of nitrogen. These elements can be attributed to the underlying polymers
(PI or acrylic adhesive) and/or hydrocarbon contamination. This means that the depth
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of information is larger than the thickness of the Cr/CrOx layer, or the distribution of the
Cr/CrOy layer is not uniform.

After oxygen plasma treatment of the Upisel foil, there is only a small reduction in
carbon and a small increase in oxygen, revealing minor differences in the O/C atomic
ratio (Table 9). This is also reflected in the fact that the high-resolution Cls spectra of the
Upisel foil before and after plasma treatment are very similar [51,52]. However, in this
case, the WCA is reduced from 54.4° to 11.4°. Next to the minor oxidation of the Upisel
foil, this reduction could be ascribed to the removal of hydrocarbon surface contamination,
a very small amount of introduced oxygen-containing groups on the polymer, and/or
further Cr oxidation during plasma treatment. Note that there is a difference in depth
of information between WCA and XPS if the polymer does not absorb water. The WCA
depends on the interaction with the outermost surface layer, and the depth of information
for XPS of polymers is 5-10 nm. This could also be the reason for this observation of the
WCA decrease.

Table 9. O/C atomic ratio before and after oxygen plasma treatment.

PI Foil Upisel Pyralux Shengyi
O/C before plasma 12 0.8 0.3
O/C after plasma 1.3 1.3 0.6

In contrast to the Upisel foil, Pyralux shows a larger reduction in carbon surface
content and a larger increase in O surface content after plasma treatment. This is also
evidenced by the increased O/C ratio after plasma treatment, as shown in Table 9. A closer
look at the C1s detail spectra of the pristine Pyralux and the oxygen plasma-treated Pyralux
(Figure 8) reveals that the relative number of C-C/C-H decreases after plasma treatment
(from 61% to 53%) (Table S1). The surface oxidation is responsible for the large decrease in
WCA from 101.1° to 22.3°. As the total Cr surface content is lower compared to the Upisel
foil, the plasma treatment can cause more significant changes to this polymer surface. These
changes could be attributed to the introduction of C-O bonds on the polymer after oxygen
plasma treatment and/or the removal of hydrocarbon contamination. A relative increase in
the C-O contribution can clearly be observed in the C1s deconvoluted spectra (Figure 8)
and integrated values (Table S1) after plasma treatment. However, a slight decrease in the
C=0 and O-C=0 peaks is also observed.

The Shengyi foil surface does not contain Cr/CrOx on the surface. After O, plasma
treatment, it shows a large increase in the O/C atomic ratio from 0.3 to 0.6 (Table 9). This can
be ascribed to the introduction of additional C-O and C=0 functional groups [47]. From the
Cl1s high-resolution spectra (Figure 8), a new C=0 peak is observed after plasma treatment,
which is an indication of the carbon oxidation by the O, plasma. Quite unexpectedly, a
significant increase in nitrogen concentration from 1.3 to 3.6 at. % is noticed (see Table 7).

The third surface modification is performed with APTES. Theoretically, this should
introduce Si, N, and C on the modified surface. However, all pristine foils already contain
carbon and nitrogen, while the Upisel foil also contains silicon on its pristine surface.
To investigate if the surface was modified with APTES, only the Si and N contents are
compared before and after modification. Carbon content is not ideal for comparison, as it
can be disturbed by contributions of hydrocarbon contamination.

In the case of the Upisel foil, a significant increase in the Si concentration (p < 0.05) is
observed after APTES modification. However, no significant increase in the N concentration
is obtained. Comparing the deconvoluted high-resolution Cls spectra before and after
treatment reveals a small but significant increase in the C-5i contribution. On the other
hand, the WCA after modification increases by circa 25°. A possible explanation could be
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the difference in depth of information between XPS and WCA. This means that the surface
was modified. It cannot be confirmed that this modification is homogeneously distributed.

A clear increase in the Si concentration after APTES modification is obtained for the
Pyralux foil, combined with a slight increase in the N concentration, with a low significance
level (p < 0.1). The high-resolution Cls spectra reveal a small contribution (circa 1%)
to the C-5i after modification. However, there is a very small change in the WCA after
modification. This leads to the conclusion that there is a very low number of APTES present
on the surface, and it is not homogeneously covering the surface.

A similar conclusion for the Upisel can be drawn for the Shengyi foil. On this particular
sample, there is quite some variation in the measured N concentration as evidenced by the
relatively large standard deviation (N at. %: 3.25 & 2.33). This suggests that the APTES
modification is not homogeneously distributed.

In review, the O, plasma, PDA, and PDA + Vacuum surface modifications demon-
strated effective chemical changes, resulting in altered surface chemical properties. The
APTES surface modifications could not be completely confirmed by the XPS results and are
not uniform. However, for the Upisel and Shengyi foils, the APTES treatment resulted in
severe differences in WCA (20-25°).

4.3.3. Surface Characterization Conclusion

After etching the Cu of all foils, the surfaces were modified with PDA, O, plasma, and
APTES. The WCA and XPS analyses results before and after the modifications lead to the
conclusions listed below.

PDA: A thin, uniform PDA layer is deposited on all three foils. However, the amount
of polydopamine aggregates differs from foil to foil.

O, plasma: A decrease in hydrophilicity is observed for all foils due to the introduction
of C-O and/or C=0 functional groups on the surface, combined with the removal of the
hydrocarbon contamination.

APTES: A limited number of APTES is deposited on the surface of the foils, leading to
changes in WCA in the case of Upisel and Shengyi.

Both on the Upisel and Pyralux foils, a thin layer of CrOy is present, originating from
pretreatments of the Cu foil during fabrication. Unexpectedly, the initial Pyralux and
Shengyi foils have WCA values above 90° (hydrophobic) despite the CrOy and/or polymer-
based adhesives on the surfaces. Nevertheless, after O, plasma treatment, a hydrophilic
surface is obtained for all foils.

4.4. Adhesive Strength
4.4.1. Adhesive Strength Measurements

The measurement results of 36 combinations are displayed in Figure 9. An inset is
included for the lower values. There are six combinations of PI foils and biopolymers named
PI foil /biopolymer (Table 3). The pristine samples serve as a reference for all treatments.

For each modification and material combination, Table 10 provides an overview of the
type of failure based on visual and SEM inspections after peeling.

Adhesive strength values of pristine Upisel and Pyralux foils towards PLA and PHB
are very low (<0.05 N/mm) and considered negligible. Some surface modifications only re-
sult in a marginal increase in peel strength (<0.05 N/mm), but we do not discuss these here.

The Upisel foil with the lowest initial roughness value (205 £ 5 nm) shows a very
small improvement after oxygen plasma treatment and a large improvement when TPU
is applied as a hotmelt adhesive. For PLA and PHB, the results are 1.62 N/mm and
0.97 N/mm, respectively. Mashayeki investigated the influence of surface modifications
(cleaning and drying, plasma, PDA, and chemical etching and roughening of a smooth PI
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foil (order of nanometers) on the adhesive strength towards compression molded PLA [24].
These results are difficult to compare with the results from our study because there is a
large difference in roughness values (nanometers versus hundreds of nanometers) after
plasma treatment and PDA modification. Moreover, CrOy is present on the surface of
our Upisel foils. Mashayeki et al. only found a small increase in adhesive strength (up to
0.1 N/mm) when the surfaces are roughened by grinding, whether or not combined with
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Figure 9. Average peel strength between PI foils and biopolymers (PLA or PHB) for different surface
treatments. The error bars represent the standard deviation (n = 3).
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Table 10. Overview of the failure type of all samples.
Sample Upisel/PLA  Upisel/PHB  Pyralux/PLA  PyraluxPHB  Shengyi/PLA  Shengyi/PHB
Pristine Adhesive Adhesive Adhesive Adhesive Adhesive Adhesive
Drying Adhesive Adhesive Adhesive Adhesive Adhesive Adhesive
. . Adhesive/ . Adhesive/ .
PDA Adhesive Adhesive Cohesive Adhesive Cohesive Adhesive
. . Adhesive/ . Adhesive/ .
PDA + Vacuum Adhesive Adhesive Cohesive Adhesive Cohesive Adhesive
. . Adhesive/ . Adhesive/ .
02 plasma Adhesive Adhesive Cohesive Adhesive Cohesive Adhesive
APTES Adhesive Adhesive Adhesive Adhesive Adhesive Adhesive
TPU Cohesive Cohesive Cohesive Cohesive Cohesive Cohesive

In contrast to the Upisel foil, an increase in the adhesive strength is observed after
surface modification with PDA, PDA + VAC, and O; plasma treatment (from 0.01 N/mm to
0.33 and 0.31 N/mm, respectively) for Pyralux foil. Since the PDA fully covers the substrate
surface (Section 4.3.2), this increase can be ascribed to the larger initial surface roughness of
Pyralux versus Upisel.

The Shengyi foils do not contain a CrOy layer on the surface, as can be seen from the
XPS results (Table 7). Based on the information of the provider, an epoxy resin layer is
present after Cu etching. The adhesive strength of the pristine samples toward overmolded
PLA is 0.08 & 0.09 N/mm.

A significant increase in peel strength is observed after modification of the Shengyi foil
with PDA, PDA + VAC, and O, plasma to values of 0.16, 0.17, and 0.14 N/mm, respectively.
These values are lower compared to the values obtained for Pyralux. Since the chemical
surface composition is the same for PDA modification, this can partially be ascribed to the
lower roughness of the Shengyi foils in the areas where adhesive failure is observed (see
Table 9). In the case of oxygen plasma modification, it is difficult to compare due to both
differences in roughness and surface composition (CrOy on the Pyralux foils).

Finally, in contrast to what was described by Kafkopoulos et al. [25], an increased
adhesive strength of molded PLA toward PDA vacuum-treated at 50 °C versus PDA was
not observed for all foil types.

Compared to the peel strengths of the overmolded PLA with TPU laminate for Upisel,
Pyralux, and Shengyi, the PHB shows lower values for all three foils. Both PLA and
PHB with TPU show a complete cohesive failure within the TPU foil after peel tests in all
cases. The lower peel strengths can be ascribed to the different parameters used for the
overmolding process (including the cooling-down process) of PLA and PHB.

PHB spontaneously peels off when overmolding the pristine, O, plasma-treated, and
PDA-modified Upisel foil. Only the APTES modification resulted in a negligible increase in
the peel strength to 0.004 N/mm. This could possibly be ascribed to the increased contact
angle value after APTES modification from 54.4° to 79.1° (see Figure 6).

Despite the large differences in WCA values of Pyralux before and after surface
modifications with O, plasma and PDA, only minor differences (<0.02 N/mm) in peel
strength values are obtained after overmolding with PHB. Only a small difference in the
WCA value after APTES modification is observed, leading to a peel strength of 0.05 N/mm
after overmolding with PHB. These results suggest that contact angles around 20° and 100°
do not lead to good adhesion towards overmolded PHB.

The only relevant observation is that for the Shengyi foil, the adhesive strength of the
pristine foil is higher (0.14 N/mm) than after the surface modifications, except for the TPU
hot melt adhesive. This means that the chemical surface composition of the epoxy resin
itself is better matched to the PHB.
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In conclusion, the chemical modification and drying methods described here do
not result in an acceptable increase in the adhesive peel strength. A more precise and
targeted modification to optimize the free surface energy of the foil surfaces is needed.
This approach requires good determination or estimation of the surface free energy of the
viscous PLA /PHB interacting with the foil surface during and after overmolding.

4.4.2. Loci of Failure

SEM analyses were conducted to determine the loci of failure between the two layers
after separation at the end of the peel tests. This is achieved by performing SEM analyses
on the PI side and PLA side, as shown in Figure 10. Looking at Table 9, there is a clear
relationship between the obtained adhesive strength values (see Figure 7) and the failure
mode. In general, low adhesive strength (from 0 to 0.1 N/mm) results in adhesive failure
between the PI and biopolymer surfaces.

Figure 10. Plasma-treated Pyralux/PLA sample after peel test for SEM analysis.

An overview of SEM images of the Pyralux/PLA and Shengyi/PLA for pristine,
plasma, PDA, and TPU cases is shown in Figure 11. A mixed cohesive and adhesive failure
is observed in the case of Pyralux/PLA and Shengyi/PLA modified with PDA or O, plasma.
In these cases, the cohesive failure is located in the acrylic (Pyralux) or epoxy (Shengyi)
adhesive material. At those locations, the adhesive strength between the surface-modified
PI and PLA is higher than the cohesive strength within the adhesive layers.

Pyralux/PLA Shengyi/PLA

Figure 11. Overview of SEM images of Pyralux/PLA and Shengyi/PLA of four different cases.

Overall, the adhesive failure areas are larger compared to the cohesive failure areas.
This could be attributed to incomplete wetting of the viscous PLA during overmold-
ing, leading to areas where there is no physical contact between PLA and the modified
surfaces. Important to note here is that the obtained peel strength values are quite low
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(0.23-0.24 N/mm). Typically, cohesive failure within the epoxy and acrylic layers is un-
expected. However, during overmolding, a short contact with hot viscous PLA (200 °C)
followed by fast cooling can alter the properties of the adhesives. Figure 12 shows the
cohesive failure that occurred within the acrylic adhesive for the plasma and PDA treated
Pyralux/PLA sample.

Plasma

PI side

Figure 12. Cohesive failure within the acrylic adhesive layer after peeling off the PI and PLA.

Higher peel strength values are obtained when using TPU as a hot-melt adhesive on
the foils. Here, a cohesive failure of the TPU material is observed (Figure 13). It is important
to note that there is quite a variation in these values. In our opinion, this could probably
be ascribed to the melting behavior of the TPU during overmolding with PLA at 200 °C.
Consequently, the TPU material underwent a gradient of temperature exposure from top to
bottom. Directly after injection, the TPU cools down quickly, leading to inhomogeneous
material properties from the top to the bottom of the sample.

Pristine TPU

PLA side
—

Figure 13. Surface topography change shows the cohesive failure of TPU for Pyralux foil.

5. Conclusions

This study investigated various surface treatments to improve the adhesion be-
tween etched copper PI foils and overmolded biopolymers, PLA and PHB, for sustain-



Coatings 2025, 15, 1489

23 of 25

References

able IME. Drying, PDA coating, PDA + VAC coating, oxygen plasma treatment, and
3-aminopropyltriethoxysilane (APTES) application were compared to a TPU adhesive tie
layer lamination technique. The effectiveness of each treatment was evaluated through
WCA measurements, SEM analysis of loci failure, XPS analysis of surface chemistry, and
180-degree peel tests to quantify adhesive strength. The results indicate that while surface
treatments like PDA coating, PDA + VAC coating, oxygen plasma, and APTES application
influence the surface properties of the PI foils, they exhibit varying degrees of improvement
in adhesive strength. The most significant improvement in adhesion is achieved through
the lamination of a TPU adhesive layer. This approach provides a robust interfacial bond
between the PI and the biopolymers, demonstrating its potential for enhancing the durabil-
ity and reliability of IMEs. The presence of pre-existing CrOy layers on certain PI foils also
influences surface wettability and adhesion, affecting the effectiveness of surface modifica-
tions. Chemical treatments alone are insufficient to achieve strong adhesion comparable to
TPU lamination. Further research is needed to explore alternative adhesive materials to
further enhance the sustainability and performance of biopolymer-based IMEs.
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Upisel foil. Figure S2. ATR-FTIR spectrum of pristine Pyralux foil. Figure S3. ATR-FTIR spectrum
of pristine Shenghyi foil. Figure S4. WYKO optical profilometry example images showing surface
roughness of pristine Upisel, Pyralux, and Shengyi foils. Figure S5. FEG-SEM images of the Upisel
foil (a) after PDA treatment, (b) after PDA + Vacuum treatment. Figure S6. FEG-SEM images of the
Pyralux foil (a) after PDA treatment, (b) after PDA + Vacuum treatment. Figure S7. FEG-SEM images
of the Shengyi foil (a) after PDA treatment, (b) after PDA + Vacuum treatment. Figure S8. FEG-SEM
images of Silicon (a) after PDA treatment, (b) after PDA + Vacuum treatment. Table S1. The functional
groups, binding energy, and the area percentage associated with the deconvoluted peaks of the Csl
detail spectra. The average percentages are calculated from 4 spectra at random spots on the surfaces.
Figure S9. High-resolution Cls deconvoluted spectra of PDA and PDA + Vacuum treated silicon
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